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Abstract

FPEtool is a collection of computer simulated procedures providing numerica engineering
cadculations of fire phenomenato the building designer, code enforcer, fire protection engineer and
fire-safety related practitioner. Version 3.2 newly incorporates an estimate of smoke conditions
developing within a room receiving steady-state smoke leakage from an adjacent space. Estimates
of human viability resulting from exposure to developing conditions within the room are calculated
based upon the smoke temperature and toxicity. Thereisno modeling of human behavior. Also new
to thisrelease isthe estimation (in the FIRE SIMUL ATOR procedure) of the reduction in fire heat
release rate due to sprinkler suppression.
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Disclaimer

The U.S. Department of Commerce and the General Services Administration makes no warranty,
express or implied, to the users of FPEtool, and accepts no responsibility for its use. Users of
FPEtool assume sole respongbility under Federal and State law for determining the appropriateness
of itsusein any particular application, for any conclusions drawn from the results of its use, and for
any actions taken or not taken as a result of analyses performed using FPEtool.

Users are warned that FPEtool isintended for use only by persons competent in the field of fire safety
and is intended only to supplement the informed judgement of the qualified user.

Intent and use

The dgorithms, procedures, and computer programs described in this report constitute a prototype
version of amethodology for predicting the consequences resulting from a specified fire. They have
been compiled from the best knowledge and understanding currently available, but have important
limitations that must be understood and considered by the user. The program is intended for use by
persons competent in the field of fire safety and with some familiarity with personal computers. It
isintended as a decision-making tool, but the scope of its use is exploratory.
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Technical Reference Guide for FPEtool, Version 3.2
Scot Deal

Building and Fire Research Laboratory
Nationa Institute of Standards and Technology
Gaithersburg, MD 20899

1 INTRODUCTION

FPEtool is a collection of computer simulated procedures providing numerica engineering
cadculations of fire phenomenato the building designer, code enforcer, fire protection engineer and
fire-safety related practitioner. Version 3.2 newly incorporates an estimate of smoke conditions
developing within a room receiving steady-state smoke leakage from an adjacent space. Estimates
of human viability resulting from exposure to developing conditions within the room are calculated
based upon the smoke temperature and toxicity. Thereisno modeling of human behavior. Also new
to thisrdlease isthe estimation (in the FIRE SIMUL ATOR procedure) of the reduction in fire heat
release rate due to sprinkler suppression.

1.1 Verification

Formal verification of FPEtool has not been conducted. However, many of the components of
FPEtool are based upon experimenta data, and predictions from previous versions of FPEtool have
been compared with data from a number of experiments [11,12,13,14,18,19]. Users may find it
appropriate to compare the predictions of FPEtool with those from other models and/or experimental
data. In addition, a sengitivity analysis of FPEtool output to variations in the input data may be
desirable.

1.2 Technical Support

There are severa databases within FPEtool. One provides information for designing input fire files
(thisdatabase isfound in RATES/M AK EFIRE), another provides information on wall thermophys-
ica properties (this database is found in FIRE SIMUL ATOR), and another provides information
on flame spread rates of various fuels (this database is found in FREEBURN/MAKEFIRE).
References containing these types of data may be found in the Fire Protection Handbook [20], the
SFPE Handbook [21], the Handbook for Fire Engineers [22] and standard engineering handbooks
[15,16].



Inquires concerning FPEtool should be directed to the manager of the Fire Research Information
Services, Building and Fire Research Laboratory, National Institute of Standards and Technology,
Building 224, Room A-252, Gaithersburg, MD 20899, (301) 975-6862.

1.3 Hardware and Software Requirements

Y our package should contain a 3.5-inch diskette, Technical Reference Guide for FPEtool, Version
3.2, and aregidration card. If the package isincomplete, contact the vendor or the Building and Fire
Research Laboratory at the National Institute of Standards and Technology.

An IBM PC' compatible computer with DOS version 3.1 or later will operate the FPEtool Version
3.2 code (The Macintosh and UNIX platforms do not support FPEtool). A math co-processing chip
isnot required, but will sgnificantly improve calculation speed. A minimum of 640 kBytes RAM are
required and 3 MBytes of hard-disk space is recommended. The graphics display driver supports
CGA or better monitors.

1.4 Installation

Toingdl FPEtool, place the diskette into an available 3.5-inch diskette drive and type the drive letter
of the 3.5-inch drive, followed by acolon, abackdash, and theword ingtdl. For example, if your 3.5-
inch driveisdrive A, type

a\install

and press the enter key. You will be asked severd questions about your computer and how you wish
to ingal FPEtool. You may answer none, some or all of the questions as appropriate for your
specific needs. Follow the directions on the screen closely and provide answers to questions as
desired. Usually, the defaults provided by the program will be sufficient and you may smply press
the enter key to accept the default selection.

To start FPEtool, change to the directory where the program is installed and type fpetool followed
by the enter key. For example, for the default ingtallation, the following DOS commands can be used

cd \fpetool
fpetool

1. The use of company or trade names within this report is made solely for the purpose of identifying those
computer hardware or software products operationally compatible with the FPEtool product. Such use does
not congtitute any endorsement of those products by the National Ingtitute of Standards and Technology.
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1.5 History

Simple (dgebraic) equations have been amaingay of engineering handbooks for as long as they have
existed. With the advent of modern calculators and then computers, the complexity of these
eguations hasincreased, since it was no longer necessary to refer to tables of logarithms to evaluate
them. Today we can perform fully time-dependent calculations with systems of differential equations
on our desktops at the push of a button.

Individua equations which relate to fire phenomena have been around a long time as well, often
representing correlations to experimental data and observations. In 1984 Bukowski suggested that
aseriesof individua calculations could be used to evaluate a complex, interactive process (i.e., afire
hazard analysis). Thiswasfollowed by ademonstration of the technique for plenum cables in a paper
published in 1985 [2]. A broader series of equations applicable to fire growth estimates was also
published in 1985 [3].

The proliferation of persona computersin the 1980's led to the programming of these collections of
equations into packages which prompted the user for afew, simple inputs and provided for tabular
and smple, graphical outputs. Soon, software? like FIREFORM [4] (US), ASKFRS (UK) [5], and
FIRECALC [6] (Austraia) appeared on desktop computers around the world. These packages have
become the engineering handbook type of calculation for the modern practice of fire safety
engineering.

1.6 Comparison with models

Persons just learning about these calculationa methods often wonder how these tools differ from the
growing number of computer fire models appearing on the scene. An appropriate distinction is that
the simple tools generdly give steady- or quasi-steady state solutions to time dependent problems
and predict a single parameter (e.g., layer temperature, filling time, doorway flow, radiation at a
point). Modeds givetime varying results of severa parameters which are inter-dependent. Most (e.g.
HARVARD V [7]) apply a quasi-steady approximation to do so (FAST [8] solves the differential
equations, so isfully time-dependent). With the toals, the user may need to perform calculations and
thread results together to obtain a prediction for the scenario under study.

This interaction is an important distinction since fire can be a highly interactive process. In some
circumstances such as early in a room fire while there is only a single item burning and little
enhancement of the burning rate by radiation feedback from the upper layer, the model prediction
should approach the steady-state solutions produced by the some of the equationsin FIREFORM.

2. While these software packages contain a number of individua equations they include ssmple one- or even
two-room modds as well, such as the well known ASET mode!.
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However, later, as radiation from the upper layer and room surfaces and lowered oxygen
concentrations alter burning rates, appropriately designed models should maintain their predictive
accuracy while the steady-state equations become invalid.

However, users of both models and steady-state equations must always keep in mind the ranges of
vaidity of each. All such techniques are approximations which often involve empirical relationships
derived from limited sets of observations. It isnot that the relation is known to be invalid outside the
stated range, but rather that it is not known to be correct -- an important distinction®.

1.7 FPEtool Modules
FPEtool isacompilation of several modules grouped into 5 categories. These categories are:

SYSTEM SETUP
FIREFORM
MAKEFIRE

FIRE SSMULATOR
CORRIDOR

3rd ROOM

SYSTEM SETUP is a utility routine. It alows the user to change file destination and source
directories, change operating units and to alter screen colors. The menu choices are presented in
Figure 2.0.1 asthey appear to the user. Thismanual uses Sl (System International or metric system)
as the default unit set.

FIREFORM isapredominantly acollection of quick procedures designed to solve single-parameter
guestions (see Section 1.8). Such questions might be "How hot is the celling jet 3 meters from the
center of plume impingement? How long will it take for 50 people to evacuate from the 7th floor
to the ground floor of this building? When will this second fuel item ignite?’

M AKEFIRE isacollection of routines that create and edit fire files. These files have 3 columns of
data: time, fire heat release rate and fuel pyrolysis rate. The users can create their own fires, use
prescribed “t-squared fires, and let the program determine when the primary fire ignites a secondary
object.

FIRE SIMULATOR isaprocedure that predicts the effects of fire growing in a one-room, two-
vent, compartment with sprinkler and detector, using a two-zone model.

3 The author acknowledges R.W. Bukowski for contributing these preceding paragraphs.
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CORRIDOR isaprocedure that predicts the characteristics of amoving smoke wave; the procedure
works best in spaces with large length to width ratios that receive smoke flows with minimal
entrainment.

3rd ROOM isaprocedure that predicts smoke conditions developing in a room and the subsequent
reduction in human viability resulting from exposure to such conditions.

The last 3 modules may be used sequentially. FIRE SIMULATOR predicts fire generated effects
within the room of origin. Smoke outflow from FIRE SIMUL ATOR may be used as smoke inflow
to the CORRIDOR module. Smoke conditions predicted with the CORRIDOR module can be used
to define conditions on the “fire-side' of the door to the 3rd ROOM . In the following chapters, each
of the above-mentioned modules will be explained in further detall.

1.8 FPEtool Hints

Input files for the FREEBURN, FIRE SIMULATOR, and 3rd ROOM routines may be created
“from scratch'. It isusually easier to edit an existing file than create one.

Anindex provided in Section 8 provides assistance in obtaining some contextua definitions.

If one desiresto reverse their direction or to move backwards in the input process (and thus return
to a higher branch in the menu structure), this can be accomplished by ssimultaneoudly pressing the
“Control' and "Q' keys. The only time when this command will not work is when the program expects
to receive a DOS file name as input.

The figures and diagrams presented in this guide are for edification purposes, not measurement
reconstruction. The figures do not necessarily convey accurate scaling.



1.9 FPEtool Filenames

Figure 1.11.1 is presented to explain the relationship between the files and file names used by
FPEtool.

DOSFile Name Procedure that generates Procedure that uses the File Type Description
Extension the DOSfile DOSfile
* FIR MAK EFIRE or user ASETBX, ASCII 3 columns of data, time
created in FIRE SIMU- UPPER LAYER TEM- (9), actual heat release
LATOR PERATURE rate of the fire (kW), and
FREEBURN, pyrolysisrate (g/s)
FIRE SSMULATOR,
CORRIDOR®
* DAT FREEBURN FREEBURN ASCII Input file for FREE-
BURN
*IN FIRE SSMULATOR FIRE SSMULATOR ASCII Input file for FIRE

SIMULATOR, see
INPUT section of FIRE
SIMULATOR for alist

of variables.

* WK1 FIRE SIMULATOR or LOTUS® and compatible Binary Output file from FIRE

CORRIDOR spreadsheet programs SIMULATOR and

CORRIDOR.

* HSL 3rd ROOM 3rd ROOM Binary Input file for 3rd
ROOM

*.OUT 3rd ROOM 3rd ROOM ASCII Output filefrom 3rd
ROOM

° Citation of LOTUS® and compatible spreadsheet software is not an endorsement of these products.

Figure 1.11.1 List of FPEtoal files by extension and module use.
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2 SYSTEM PARAMETERS
2.1 Application

This procedure alows one to more efficiently use FPEtool. Inside SYSTEM PARAMETERS one
can specify file source and file destination directories. The user also can specify one of two unit
systems that FPEtool uses (metric or customary American). Variations in monitor color schemesis
possibletoo. All of the above changes can be made temporary or permanent. If temporary, the next
time the user invokes FPEtool from DOS, the settings will reflect the default case. The
LOAD/SAVE A CASE FILE alows the user to define the default case.

2.2 Theory

A case file is a mechanism for organizing project files. The case file contains the settings for file
source and file destination directories. For instance, all non-utility files pertaining to work on a
particular building evaluation may be stored in a directory with a DOS name of that building.
Conversely, if somefire files are used repeatedly (e.g. achair fire or a standardized crib fire) then
rather than storing these files repeatedly in each project directory, they can be stored once in a
common fire file directory. The intention is that the experienced user will have many casefiles.

2.3 Program Interface

The sub-menu for the  qu T SYSTEM SETUP FIREFORM MAKEFIRE  FIRE SIMILATOR CORRI DOR
SYSTEM PARAM- 3rd ROOM

. P444444444444444444444444444444444440
ETERS appears in ~ LOAD/ SAVE A CASE FILE SET
Figwe 231 The VI EWEDI T PATHS OF DATA FILES
: VI EWEDI T SPECI AL PARAVETER FI LES
inputs for these sub- UNITS: METRI C

menus are explai ned BIIIMIIIDIIIIMIMIIIMIIIIIIE
below.

* ox %
*ox X X

Figure 2.3.1. FPEtool System Setup menu
INPUT

Load/Save a case file set Produces a DOS file containing the source and destination directories
for FPEtodl files. It aso allows users to define whether the case file
will be the default case.

View/Edit data file paths Allows the user to define/redefine source and destination directories
for FPEtool files.

View/edit parameter files Allows user to rename DOS file containing warning flags and FPEtool
color pallet. Changes are not recommended to this option.
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Units: metric/U.S. enginr.  Allows user to switch between metric (kg-mrs °C) and American
customary units (Ib,-ft-s °F).

OUTPUT -- none

10



3 FIREFORM

FIREFORM is a QUI T SYSTEM SETUP FI REFORM MAKEFI RE FI RE SI MULATOR CORRI DOR
. 3rd ROOM
collection of PA444444444444444444444444444444444Q
i i ASETBX ROOM MODEL
routines des gned to ATRI UM SMOKE TEMPERATURE

BUOYANT GAS HEAD

CEl LI NG JET TEMPERATURE

CEl LI NG PLUME TEMPERATURE
EGRESS TI ME

FI RE/ W ND/ STACK FORCES ON A DOOR
LATERAL FLAME SPREAD

LAW S SEVERI TY CORRELATI ON

MASS FLOW THROUGH A VENT

PLUVE FI LLI NG RATE

RADI ANT | GNI TI ON OF A NEAR FUEL
SMOKE FLOW THROUGH AN OPENI NG
SPRI NKLER/ DETECTOR RESPONSE

givefast response to
specific  questions.
While some routines
require dightly more
detail than a couple
of input variables,
the standard routine
requires relatively

ok % X % ok ok o o o X X X X % %
LN I N R I 2 I R B BN RN NN B B R

little effort to gener- THOMAS' S FLASHOVER CORRELATI ON
- UPPER LAYER TEMPERATURE

ate a solution. The VENTI LATION LIM T

sub-menu for FIRE- -A444444444044444444444444444444444

FORM, as it ap- Figure 3.0.1. FPEtool sub-menu for FIREFORM

pears to the user on
the monitor screen, isfound in Figure 3.0.1.

3.1 ASETBX ROOM MODEL

3.1.1 Application

ASETBX isardatively smple, sngle-room, two control-volume (zone) model for estimating the rise
in temperature and the descent of the smoke layer from a fire burning in a room with ventilation
openings at floor level.

3.1.2 Theory

As with most two-zone fire models, there is very little modeling of fire and more modeling of fire
effects. Combustion chemistry isamost nonexistent in this model--the combustion thermodynamics
quite simple. Nevertheless, this model has served as a forerunner to more elaborate models, and it
still serves as auseful method of determining smoke layer development (in spaces with no ventilation
from the smoke layer and where wall heat-losses are well characterized) up to the point of flashover.
Simultaneous Solution of Mass and Energy Conservation

The fundamentd agorithm in ASETBX rests on the concepts of mass and energy conservation. With

these physicd laws, ASETBX mathematicaly represents the physical effects created by the fire. The
fireisdictated to ASETBX asan input file. The effects from the fire that ASETBX can model are
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listed in the OUTPUT section of this report. To obtain these output, ASETBX solves the
fundamenta conservation equations. The solutions to these equations provide answers to basic
properties (temperature and mass) of the smoke resulting from the fire. These basic properties then
are used in turn to provide answers about subsequently more detailed descriptions of the smoke.

The conservation equations are mathematical accounting procedures. These accounting procedures
record where a quantity has come from, where the quantity is, and where the quantity is going at each
time step. The conservation laws state that a quantity can not appear or disappear without proper
accounting. The accounting procedures can be exploited to predict an array of fire related output
because nature obeys the conservation laws. There are three conservation laws. mass, momentum
and energy. When speaking about conserved quantities it is necessary to clearly define the system
(or control volume) to avoid confusion about the appearance, consumption and movement of
conserved quantities. If a quantity appears, it is because it was generated or transported into the
system. If aquantity disgppears, it is because it was consumed or transported out of the system. In
the context of a defined system, when a quantity appears at a rate exceeding the rate of
disappearance, a net accumulation results. The converse dso istrue. While simple in theory, the
conservation laws can be somewhat difficult to apply in practice. Perhaps this difficulty arises from
an unfamiliarity with “visualizing' generation, consumption and movement of energy and/or
momentum. Perhaps the difficulty is due to the unrecognized and simultaneous influence that the
three conservation laws exert upon one other. Despite these apparent difficulties with “thinking' in
terms of conservation laws, there are distinct advantages to familiarizing one's self with them. Asis
true in most areas of endeavor when a new or difficult situation arises, the solution can often be
achieved through strong application of the fundamentals.

In redlity--mass, momentum and energy quantities are conserved, however, in ASETBX only energy
and mass are conserved (momentum is ignored because vent flows are assumed unidirectional).
These conserved quantities are introduced below as concepts and then converted to mathematical
equations of the form solved by ASETBX. The mathematical equations are not solved analytically
owing to their non-linearity; the equations are solved numerically. The development of energy
conservation can be drawn from analogy to the following presentation of mass conservation.

[ rate of massflow | [ rate of mass generation |
| into the control volume | | in the control volume | .
_ Irate of mass accumulation| (1)
[ rate of mass flow | [ rate of mass consumption | | within the control volume
| out of the control volume! | in the control volume |
(1-2)Q
J Lyt > “Ziire
C, T,

out 2

(1_)LJQ it = e

cpr
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) 2 .,
Myume = 0.210p_, @ Zy Q where Q™ =

With the system defined as the cooal,
ambient layer of air underneath the
smoke, a term-by-term analysis of
consarvation of massis presented in
eq (1). Thefirst term, rate of mass
flow into the control volume, is
zero-valued because no inlet vents
are assumed. The second term, the
rate of mass generation in the
control volume, iszero-valued. The
third term, the rate of mass flow out
of the control volume depends upon
the smoke layer elevation [eq (2)].
When the smoke layer interface is at
the floor no mass can leave the
system because no mass is in the
lower layer; when the smoke layer
interface is above the floor and
below the fuel height, lower-layer
air can only leave through the floor
leve cracks (m,,). When the smoke
layer interface is above the fuel
height, plume entrainment [eq (3)] is
added to the rate of mass flow out

5 1

3 (1-2)Q
5 ©)
PG wToo‘/gZir?tf

Figure 3.1.0. Elevation schematic of ASETBX param-
eters.

of the control volume [4]. The fourth term in [eq (1)], the rate of mass consumption within the
control volume, is zero-valued. The fifth term, the rate of mass accumulation within the control
volume, can be expressed by taking the derivative (the rate-of-change) of the lower-layer air mass
with respect to time. Combining expressonsin egs (2) - (4) and substituting into eq (1) yields eq (5).

d d(z.., -z
mIowerlayer _ prﬂoor ( ceil thf) (4)

dt dt
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out biume) 0<Z. < Zyg (a)
dz
pooAﬂoorTltmf = _mout; _Zfire < Zintf < O’ (b) (5)
0; Z = "L (©
— t. _ Zinf. _ T . _ Q
T—t=0, C_?:i ¢_T=oo1 q—z (6)
15
-clq - ¢2q°¢3; 0<C=Cair (a)
d¢
dr -clq; Cie < C <0, (b) (7)
0; C - _Cfire’ (C)

The change of variables defined in eq (6) were made in such away [4] that the ASETBX program
output could be generalized to any unit system. This generalization required nondimensionalizing.
The nondimensiondized terms were subgtituted into eq (5) to produce eq (7), the mathematical form
of the mass conservation law used in ASETBX.

p.T_ = constant (8)

1 Zeeil
_— d
(Zeit ~Zint) Zifmp(S) > ©)

p

By anadlogy and by using egs (8) and (9) one may dso obtain the mathematical equation for the energy
conservation law used in ASETBX eq (10).

1 5
plcld - ($-1)c2q°¢7]

; 0 < s (o
d=¢ = (Cceil C) (10)
dt
_Cléq .
Cor + ) ~Lie < C <0
I G .
P CP-I-ooAﬂoor Lc

14



-2)*Q. xgxL 2 =
o [O.thc][(l 1,)*Q,*g |_C]3 12)
Afloor (poo Cp Too )

Conservation of energy is applied to a system around the hot, smokey gases--not the lower ambient
gases. Egs(7) and (10) are first-order, non-linear, non-homogeneous, coupled, ordinary differentia
equations (ODE's). The coupling (dependency upon one ancther) is evident through the layer height
term ({) appearing in both equations. This dependency is resolved by determining answers for eqs
(7) and (10) simultaneoudly.

Even after nondimensiondizing, egs (7) and (10) may still be seen to possess terms representative of
physcal processes. Thefirst term in eq (7) represents mass contribution from the pyrolyzate. The
second term in eq (7) represents mass contribution from plume entrainment. Similarly, the first term
in the top equation of eq (10) represents energy contributed from the burned fuel. The second term
in top equation of eq (10) represents energy contributed from plume-entrained air. The top equation
in e (10) represents energy conservation when the smoke layer interfaceis higher than the pyrolyzing
fuel. The bottom equation in eq (10) represents energy conservation when the smoke layer interface
isat or lower than the fuel level.

Conceptudly, the plume acts as a pump entraining pyrolyzates and cool air into the upper layer. The
energy for entrainment comes from the fire. Entrainment is the process whereby a surrounding fluid
is drawn into a stream of moving fluid. The moving fluid stream can be buoyancy or momentum
driven; for most compartment fire applications, the moving steam is buoyancy driven. The
entrainment processis quite complex and only beginning to be analytically computed. Most 2-zone
fire models therefore represent entrainment correlationally [2,7]. The correlation is strongly
dependent upon height within the plume (Section 5.2.4), and to alesser extent the buoyancy of the
plume. The entrainment process will cease when the stream of fluid stops moving, either through loss
of buoyancy or loss of momentum.

The surrounding fluid is drawn into the rising plume by mixing occurring at the plume edges. This
mixing occurs primarily because of friction (between the moving hot gases and the nonmoving, cool
surrounding air) and to alesser extent because of diffusion. Vortices are sheared back and away from
the moving fluid stream and as this occurs, cool, ambient air is drawn into the low pressure area
formed behind the circulating eddy/vortex. As ambient air is drawn in with the turbulent, buoyant
combustion gases, and the resulting mixture expands, cools and ows asit risesin what is caled the
fire plume.

The gases in the fire plume rise because the hot gases are buoyant and therefore pushed up (smilar
to why a helium balloon is pushed up) by the colder, denser, surrounding air. The plume expands,
coolsand dows as it rises. The plume expands because entrainment introduces more mass into the
plume. The additional mass more than compensates for the contraction of gases as they cool. The
gases cool becausethe entrained air is colder than the fire products. The plume gases slow because
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conservation of momentum dictates alarger plume mass moves at a slower velocity. Friction with
the surrounding air also takes kinetic energy from the rising gases.

The plume extends from the location where entrainment begins to the |ocation where entrainment and
plume rise cease. Entrainment height is an important factor in modeling fire effects because the
amount of cool air entrained within the plume is proportional to the entrainment height raised to the
5/3 power [2]. ASETBX and most other 2-zone fire models ask the user to define the location where
entrainment begins. Inthe INPUT section of 3.1.3, the model asks for the height at the base of the
flames. Appropriate input is therefore important for the “base of the fuel' parameter.

oo = Ceeil (@)

5
cl, s
s (b)

s (13)

g e1y 2Qu 5L+ cfa.lcz)]
dt c2 8
6

(©)

t=0

The form of the mathematical equations solved by ASETBX take adightly different form than seen
ineq (7) and eq (10). Thisdifference results from usng anumerical rather than an anaytical solution.
One result of the numerical approach is the quasi-steady state assumption. This assumption states
that conditions related to the fire and the fire's effects are constant between computational timesteps.
Differences between ared fire and the numerical solution can occur if the time steps are too large to
account for detail in the real fire that occur between computations.

In order to solve differentid equations, boundary conditions must be provided. Initia-value boundary
conditions are applied because conditions at the onset of the fire are generally better known than
conditions during thefire. Theinitia conditions define the initial upper-air layer temperature (¢) and
the mass of the lower layer [accounted for with the layer position (¢)]. Although dé/dt*__, appears
indeterminate at time "t' equal to zero [eq (10)], a value has been found by Cooper [3] and this
appearsin eq (13).

Afioor Floor area (m?)

Co.e Ambient air heat capacity, (kJ/(kg-AK)

g Earth's surface gravitational constant, (m/s?)

AH, Heat of combustion (kJ/(kg-K))

L. Characteristic length (m)

m Mass of the lower air layer (kg)

My Mass of air exiting the room from the lower air layer (kg/s)
Moiume Mass of air leaving the lower air layer into the plume (kg/s)
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q Nondimensional hesat release rate, Q/Q,

Q Fire heat release rate (kW)

Qo Initial value of the heat release rate, (0.95 kW)

S Dummy variable of integration

t Virtua simulation time (seconds)

t. Characteristic time (1 second)

T Smoke temperature (K)

T, Ambient air temperature

z Elevation (m)

Ziit Elevation change from smoke layer interface to lowest point of burning fuel (m)
Ziire Elevation of the bottom of the fuel flames above the room floor (m)

. Elevation of the ceiling above the fuel height (m)

Ac Fraction of upper layer energy lost by heat transfer into room barrier surfaces
A, Fraction of actual heat release rate directed into radiative energy

0. Ambient air density (1.2 kg/m®)

T Nondimensiona time, U/t ceisic

4 Nondimensional elevation, z/L

¢ Nondimensional temperature, T/T,

A Combustion efficiency

Energy Flow out of the Hot Gases and into the Walls

In applying conservation of energy to the upper air layer, the rate of energy flow out of the this hot
gas volume leaving by radiation and convection and moving into the room barrier surfacesis assumed
to be a fixed fraction. This fraction (1) is unchanged throughout the ssmulation duration. This
fraction also is user specified and has a default value of 0.65.

3.1.3 Program Notes
The heat losses to the wall surfaces are a fixed fraction of the heat contained in the upper, hot gas
layer. Thisratio can change with time, fire conditions, room geometry and wall material though. The

user specifiesthiswall heat-loss fraction.

The fire growth rate is not enhanced by radiation feedback from the hot layer.

Q = AHC r'hpyrolysis (14)

The hesat release rate of the fire should be specified to the ASETBX input fire file. The heat release
rate can be determined from eq (14) utilizing elther the theoretical heat of combustion or the effective
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heat of combustion. Sometimes the effective heat of combustion is called the chemica heat of
combustion. The theoretical heat of combustion is the maximum heat release rate possible per unit
meass of fuel under specific conditions. The effective heat of combustion is less than the theoretical
heat of combustion since it reflects inefficiencies in actual combustion scenarios. Using theoretical
heat of combustion will therefore result in a larger heat release rate for a given mass loss rate
compared with the effective heat of combustion.

Thefue areaisan important factor in entrainment. ASETBX and many other 2-zone fire models use
plume correlations [2,7] that assume a point-source fire. The error in this assumption is that line-fires
[8], liquid pool fires and large fires of irregular area (e.g., sofas, tables) will entrain differently than
a point-source fire model. Line-fires have long, narrow geometries. Examples of line fires are a
flammable liquid fire on a pipe-run wetted from aleak, or acable tray fire.

The plume is unconfined: the distance from the walls to the vertical axis running through the fire-
center should be > 0.2 height of (z - Z,0)-

Thereis no modeling of oxygen starvation, hence post-flashover modeling is inappropriate.

Mass conservation occurs on the lower layer; this can possibly induce numerical inaccuracies when
the lower layer becomes small relative to the larger layer. Thisfact is another reason why it is not
recommended to use ASETBX for post-flashover fire analysis.

Pressure accumulation is not mathematically considered, this implies that openings of sufficient size
must exist below the leve of the smoke layer to allow outflow of the lower layer gases as the smoke
expands to fill the room.

The upper layer temperature prediction from 2-zone fire models is a characteristic temperature.
Temperatures near the ceiling will be hotter and temperatures near the smoke layer bottom will be
cooler than the predicted temperature. The ASETBX (and most other 2-zone fire model)
temperature predictions result from an integrated average of energy contained in the upper layer.

The quas steady-state fire assumption holds if the actual fire heat release rate does not change
substantially between computational time-steps. The ssimulated fire linearly interpolates fire heat
release rate for time steps between data points in the input fire file.

Standard pressure (101,325 Pa), room temperature (21 °C) and ambient gas concentrations (21%
O,, 79% N,) are assumed.

Radiative loss fractions from the fire are assumed at 35% and remains fixed for all fuels regardliess
of soot volume-fraction generation rate.

This procedure is not appropriate for rooms with floor aspect ratios (width:length) greater than 10:1
[9] during early stages of fire growth where smoke has not traversed the entire length of the room.
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This procedure a'so may not be appropriate for rooms with a height to minimum horizonta ratio, in

excessof 1[3].

This procedureis not appropriate for large fires relative to the compartment containing the hot layer

[5].

3.1.4 Program Interface
INPUT
Heat loss fraction
Fireradiative fraction
Height at Base of Flames
Room ceiling height
Room floor area
Printout interval
Next input screen
File Description
Enter afire
OUTPUT
T(®)
Layer height(t)
inre
Graphs

Fraction of upper layer energy lost to the room surfaces, (A.)
Fraction of actua fire heat release rate dispersed viaradiation, (A,)
Lowest elevation of the burning fuel that can freely entrain air (m)
Height of the ceiling above the floor (m)

(m? or ft?)

(sec)

User selected, pre-existing valid DOS fire file name
User created fire file (see Section 4.1 and 4.4)

Smoke temperature as a function of time (°C)

Elevation of the bottom of the smoke layer above the floor (m)
Fire heat release rate (kW)

Temperature vstime (°C, sec)

Layer depth vstime (m, sec)
Fire heat release rate vs time (KW, sec)
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3.2 ATRIUM SMOKE TEMPERATURE
3.2.1 Application
This procedure estimates the average temperature in the smoke layer developing from afire within

an atrium or other large space.

3.2.2 Theory

T 220

atria 5/3

1+39.8{ =} D)

The atrium smoke temperature is derived from the ASETBX plume equation [1] that had its own
originsfrom Zukoski [3]. Given an entrainment height and a fire heat release rate, the procedure then
determines the maximum temperature in the plume.

T aria Temperature rise in atria hot gas layer (°C)
Q Fire heat release rate (kW)
z Elevation between lowest point of entrainment and height of interest (m)

3.2.3 Program Notes

The plume theory used in this routine does not apply to the case where plume gases expand to the
point where they touch the room walls[2]. To ensure

that the plume does not touch the wall in the modeled o o Nroom

case, the following restriction may be reviewed. The oom = 2.45in15°

restriction assumes a plume expansion angle of 15°

from the vertical.

Wal hest |osses should be negligible. To ensure modeled wall heat-losses are negligible, either the
plume should not touch the walls or the smoke layer

should have a temperature below 105 °C (220 °F). ,

Cooper [2] suggests an upper limit on the fire heat Qjimie = 33322

release rate (kW) for maintaining moderate wall heat

loss. Thevariable 'Z isdefined in eq (1). At fire sizes

larger than Q;.;,, heat from the gases|ost to the walls can produce temperatures cooler than predicted.

The heat release rate is steady-state.
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Thefireis assumed to be a point-source; i.e. no linefires.

The program does not accurately model small fires and/or short entrainment heights.

3.2.4 Program Interface

INPUT

Clear Height Entrainment distance from the point where entrainment begins (usually the
base of the flames) to the elevation of interest to the user (m)

Firesze Fire heat release rate (kW)

OUTPUT

Appr. temperature  Plume temperature at clear height above where entrainment begins (°C)

Largest firesize Largest actual fire heat release rate that can be used with this correlation for
valid temperature approximations.

3.2.5 References

[1] Wadton, W. D., "ASET-B, A Room Fire Program for Personal Computers,” Nat. Bur. Stand.
(U.S.), NBSIR 85-3144, Gaithersburg, MD 20899, 1985.

[2] Cooper, L. Y., and Stroup, D. W., "Calculating Available Safe Egress Time from Fires," Nat.
Bur. Stand. (U.S.), NBSIR 82-2587; Gaithersburg, MD, 20899, 1982.

[3] Zukoski, E. E.; "Development of a Stratified Celling Layer in the Early Stages of a Closed-
Room Fire", Fire and Materials, Vol. 2, No. 2, 1978.
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3.3 BUOYANT GAS HEAD
3.3.1 Application

This procedure calculates the pressure difference between two laterally adjacent gases of different
dengty. Infire safety applications, these density differences are created by differences in smoke and
clean air temperatures, but the density differences could aso be due to differences in molecular
weights of adjacent gases.

3.3.2 Theory

The equation used is directly extracted frpm the manual Design of Smoke Control Systems in
Buildings {eTheMbiertts i derAgds (ptumertd @8sumed to be 21 °C (70 °F). The preséiye
differentia is calculated between the adjacerit gasés at an elevation coincident with the base of the
least dense gas volume.

AP,,, Pressure difference between the cold and warm gas (Pa)
T, Temperature of the colder gas (294 K)

T, Temperature of the hotter gas (K)

T Reference gas temperature (294 K)

z Thickness of the least dense (hot) gas volume (m)

p.. Reference gas density (1.2 kg/m®)

3.3.3 Program Notes

Conditions are steady-state: temperature in the hotter (least dense) gas layer is uniform throughout
and the height of the hotter gas volume is constant.

There are no mechanical ventilation/pressurization connections with the hot layer.

Air isthe surrounding fluid with a density of 1.2 kg/m? (0.075 Ib/ft®) at 21 °C. Use of thisformula

in environments where the surrounding gas has a molecular weight or pressure substantially different
than awarm-gas layer of air at standard pressure will result in errors.
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3.3.4 Program Interface

INPUT

T, Hot (least dense) smoke temperature (°C)
z Thickness of the warm air layer (m)
OUTPUT

AP (Paorin. H,0O) Pressure difference at base of the hotter (least dense) gas volume

3.3.5 References

[1] Klote, JH., Milke, JA., Design of Smoke Control Management Systems, ASHRAE & SFPE,
Atlanta, GA 30329, 1992.
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3.4 CEILING JET TEMPERATURE
3.4.1 Application

With this procedure's estimate of ceiling jet tem-
perature one can determine the likelihood of igni-
tion or heat-induced damage at locations outside the
plume impingement zone.

3.4.2 Theory

Thelikdlihood of igniting ceiling combustibles may
be determined from ceiling jet temperature esti-
mates provided by thisroutine [1]. Gas jet temper-
atures are estimated for radial locations outside the
plume impingement zone on the ceiling; the plume
impingement radius is 0.2 of the plume clear
entrainment height. The procedure will adjust the
temperature of the gas to recognize the changed
entrainment characteristics of wall- or corner-
positioned fires. The entrainment adjustment is per
the method of reflection [5,3] (Figure 3.4.1). The
procedure aso recognizes that any hot gas layer
development beneath the celling will create an
underestimate bias in the temperature predictions.

1Q

Method of reflection for fires in corners & against walls

r=027

(0.06-1.2)-Z
=thickness of jet

Characterlstlcs of flre plume & celling Jet

Figure 3.4.1. Fireplumeand jet

: o characteristics.
As a precaution to this bias, the procedure ap-
proximates the time when this hot layer
development will become influential [4].
2
KQy3
(_
r )
T=T, +6381 ; for —>0.2
VA VA
_ 4'1Aceiling
Q z 28 ()
1.06 .3048

Area (m?)
Fire diameter (m)

X QOr
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Q Total theoretical fire heat release rate (kW)

r Radial distance from center of the fire to point of interest outside the plume (m)
z Vertical distance between ceiling and lowest point of the burning fuel (m)

t Time (second)

T Jet temperature at height, z, and radial distance, r, from the fire (°C)

T. Ambient temperature (°C)

3.4.3 Program Notes

Thetotal theoretical (and not the actual) heat release rate should be used to describe the fire in this
and other celling/plume correlations by Alpert. Thetotd theoretica heet release rate may be obtained
by multiplying the mass pyrolysis rate by the theoretical heat of combustion. Mass pyrolysis rates can
be obtained through experimental measurement using load cells. Theoretical heats of combustion are
available from handbooks (see Section 1.4). Thisfire specification is documented per Alpert's work
[1,5].

Points considered for examination should be at radia distances greater than 0.2 times the entrainment
height from the vertical axis of the fire.

The entrainment height is the vertical distance between the ceiling and the lowest elevation where
flaming combustion occurs.

The fire heat release rate is assumed to be steady state. The test fires used in developing the
correlation were buoyancy dominated diffusion flames arising from various fuels: wood cribs and
pool fires of liquid heptane and ethanol. This procedure is not intended for momentum-dominated
Jet fires.

Thefireis assumed to be a point source; line fires geometries are not considered.

The plume is considered to be unconfined up to the time of predicted layer devel opment.

The method of reflection is appropriately used when flames are attached to awall or acorner. When
the fire is next to but not against the walls, and flames are not touching the wall surfaces, then the
reduction in entrainment was not significant [3].

This routine does not consider combustible wall surfaces.

Standard pressure (101,325 Pa) and norma atmaospheric gas concentrations (79% N,, 21% O,) exist.
This procedure is valid up to the point of hot gas layer development. The actual time to hot layer

development can be less than predicted by eq (1) for values of /Dy, >> 1. In addition, eq (2) does
not consider fires against a wall or in a corner. The estimated time to hot layer development is
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inappropriate in such circumstances.

Alpert developed two correlational predictions for ceiling jet temperatures. One correlation was to
be used for predicting detector activation and the other for predicting thermal damage. The
temperature predictions intended for detector-activation simulations are lower than the temperature
predictions intended for thermal damage ssimulations. Ceiling jet temperature predictions from this
routine should not be used for estimating SPRINKLER/DETECTOR RESPONSE.

3.4.4 Program Interface

INPUT

Nearby Walls Thefactor, K, ineq (1) may be 1, 2 or 4 depending upon whether the
fire is located away from any walls, against a wall or in a corner.
Experiments have shown [3] that in order for reflection to apply, the
fire must touch the wall.

Distance from Fuel to Ceiling Vertica distance from ceiling to lowest point of burning fuel (m)

Celling Area (m?)

Radia Distance Lateral distance across ceiling from a point directly over the
fireto the point of interest in the celling jet, r (m)

Ambient T Room temperature at pre-fire conditions, T (°C)

Fire Burning Rate Total theoretical fire heat release rate, Q. (KW)

OUTPUT

T gesjet Temperature in gas jet at radia distance, r, and height, z,

above the burning fuel (m)

t Timewhen ahot gas layer develops under the celling and can
interfere with the “unconfined celling jet' assumption

3.4.5 References

[1] Alpert, R.L., and Ward, E. J.; "Evaluating Unsprinklered Fire Hazards," SFPE Technology
Report 83-2; Society of Fire Protection Engineers: Boston, MA, 1983.
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[2]

[3]

[4]

[5]

Evans, D., "Celing Jet Flows,” The SFPE Handbook of Fire Protection Engineering,
National Fire Protection Association, Quincy, MA 02269, 1988, pp. 1-138 to 1-145.

Zukoski, E.E., Kubota, T., Cetegen, B., "Entrainment in the Near Field of aFire Plume. Final
Report,” Nat. Bur. Stand. (U.S.), NBS-GCR-81-346, Gaithersburg, MD 29899, November
1981.

Nelson, H.E., "FPETOOL.: Fire Protection Engineering Tools for Hazard Estimation,” Nat.
Inst. Stand. Tech. (U.S.), NISTIR 4380, Gaithersburg, MD 20899, 1990.

Alpert, R.L., "Turbulent Ceiling-Jet Induced by Large-Scde Fires', Factory Mutual Research,
Tech. Report No. 22357-2, Norwood, MA, 02062, 1974.
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3.5 CEILING PLUME TEMPERATURE

3.5.1 Application

This procedure estimates fire-plume gas temperatures from the height of the continuous flames to the
height of the ceiling. This routine compliments CEILING JET TEMPERATURE.

3.5.2 Theory

The equation was developed by Alpert and Ward [1983] and may be used to estimate the damages
caused by the hot plume gases. For this reason, the plume temperatures predicted in this routine are
conservatively hotter than the plume temperatures predicted in SPRINKLER/DETECTOR RE-
SPONSE. Figure 3.4.1 in CEILING JET TEMPERATURE illustrates some of the plume
geometry variablesused in eq (1).

) 3
T-oT 202 QSf”e) . for L <02 (1)
Z5 ‘
_ 4'1Aceiling
Q z 238 )
1.06 .3048
A Area (m?)
Dsire Fire diameter (m)
K Entrainment factor (1 for axisymmetric, 2 for wall-fire, 4 for corner fire)
Q Total theoretical fire heat release rate (kW)
r Radial distance from the center of the fire to the point of interest (m)
z Entranment height: vertical distance between the ceiling and the lowest point of the
burning fuel (m)
t Time (second)
T Jet temperature at height, z, and radial distance, r, from the fire (°C)
T. Ambient temperature (°C)

3.5.3 Program Notes

Thetotal theoretical (and not the actual) heat release rate should be used to describe the fire in this
and other celling/plume correlations by Alpert. Thetotd theoretica heet release rate may be obtained
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by multiplying the mass pyrolysis rate with the theoretical heat of combustion. Mass pyrolysis rates
can be obtained through experimental measurement using load cells. Theoretical heats of combustion
are available from handbooks (see Section 1.4). This fire specification is documented per Alpert's
work [1].

The heat release rate of the fire is ssimulated as steady-state. The fire is modeled as a point source;
no line fires are considered.

Radia locations from the vertical axis of the fire should be less than 0.2 times the height the plume.

Radid location should be no further from the vertical axis of the fire than the shortest dimension of
the room.

Temperature is conservative on the high side compared with experiments used to develop this
correlation [1].

The continuous flame height is located at the base of the intermittent flaming region. The
temperature of the continuous flaming region is about 800 °C in buoyancy-dominated diffusion
flames, but may be as hot as the adiabatic flame temperature under ideal conditions (approximately
1800 °C). The height of the continuous flaming region is below the mean flame height. The mean
flame height is defined as the elevation where flames appear 50% of the time [3,4].

The temperature predictions from wall and corner configurations are theoretical.

Thefire must be close enough to awall that flames touch the surface before the user decides to chose
the "Fire near awall or corner' option. Combustible walls are not considered in this routine.

Standard pressure (101,325 Pa) conditions are used.
Time to hot layer development can be less than predicted for values of z/Dg;, >> 1.

A hot layer of gas has not developed at the ceiling.

3.5.4 Program Interface

INPUT

Nearby Walls Entrainment factor whose value may be 1, 2 or 4 depending upon
whether thefireislocated away from any walls, against awall or in a

corner. Experiments have shown [2] that in order for reflection to
apply, the fire flames must touch the wall, K
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Ambient T Room temperature at pre-fire conditions, T_ (°C).

Distance from Fuel to Ceiling Elevation difference between the lowest height where flames exist and
where air can freely be entrained into the fire, and the height of the

celling z, (m)
Ceiling Area (m?)
Fire Burn Rate Total theoretical fire heat release rate, Q (kW)
Radia Distance Lateral distance across ceiling from a point directly over the

fireto the point of interest in the celling jet, r (m)

OUTPUT
T oume Plume temperature (°C)
t Time when alayer of hot gas that develops under the ceiling

can interfere with the "no layer' assumption

3.5.5 References

[1] Alpert, R.L., and Ward, E. J.; "Evauating Unsprinklered Fire Hazards, SFPE Technology
Report 83-2," Society of Fire Protection Engineers. Boston, MA, 1983.

[2] Zukoski, E.E., Kubota, T., Cetegen, B., "Entrainment in the Near Field of aFire Plume. Fina
Report,” Nat. Bur. Stand. (U.S.), NBS-GCR-81-346, Gaithersburg, MD 29899, November 1981.

[3] Heskestad, G. "Fire Plumes," The SFPE Handbook of Fire Protection Engineering, National Fire
Protection Association, Quincy, MA 02269, 1988, pp. 1-107 to 1-1009.

[4] McCaffrey B.J. "Hame Height," The SFPE Handbook of Fire Protection Engineering, National
Fire Protection Association, Quincy, MA 02269, 1988, pp. 1-298 to 1-305.
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3.6 EGRESS TIME
3.6.1 Application

This procedure estimates the time needed for a person or group of people to exit an area. The egress
movement may be vertica or horizontal and include the use of doorways, stairs, ramps, and corridors.
Elevator transportation is not considered.

3.6.2 Theory

Theory assumes that evacuees will travel at user-designated speeds on flat and vertical pathways.
These speeds will be dtered if the user designates a reduced travel efficiency for the slowest person
in the evacuating population. The default travel speed on flat pathwaysis 76.2 m/min (250 ft/min).
The default travel speed on stairsis 12.2 m/min (40 ft/min). Travel time on vertical pathways may
be further atered by deviations in standard-stair design measurements. The assumed standard-stair
design measurement is a tread depth of 280 mm (11 in.) and ariser height of 178 mm (7 in.). The
base speed on airsisincreased for severd user-defined parameters. These parameters are increased
tread depth, decreased riser height and increased effective width [1] of the stairway. The assumed
exitway flow rateis 60 persons/'min/my geqive (18.3 personsmin/fty, «ive)- 1he rate of travel through
enclosed exitways is limited by the flowrate through the doors or door-leaves in the enclosure
opening. The doorway calculations assume a default movement rate of one person per second per
door-leaf. The standard door-leaf widthis0.76 m (30 in.).

In the equations below, eq (1) represents the time needed for one individual to complete unimpeded
egress. Eqgs (2) - (4) support eq (1). Eq (5) represents the time to move the entire building
population through the exterior exit doors. EqQ (6) represents the time to move the entire building
population through and out of the stairway enclosures. In eq (6) the limit to flow isthe W gyiver The
Weive MYy be either the stairway enclosure exit door width or it could be the width of the stairway
itself (protruding handrails or other projections).

Together, egs (1), (5) and (6) provide a first-order estimate of area evacuation times; the user,
however, should be aware of assumptionsin arriving at the results. The egress estimates assume the
mogt efficient exit paths are chosen. The procedure does not account for investigation, verification,
"way-finding,' or assstance. Flow is assumed to proceed ideally and without congestion. There are
no adjustments to flow speed in response to evacuee flow density. In light of these inefficiencies, it
would be reasonable to expect evacuation times to be two to three times greater than the nominal
evacuation time [3]. The nominal evacuation time varies. If any evacuation time from egs (1), (5)
or (6) was an order-of-magnitude greater than the other two evacuation times, then this would be the
nomina evacuation time estimate. 1 the unimpeded evacuation time, (t,,;mpeded) 1S ClOSe to one or both
estimates of egs (5) or (6), then t,,,es PIUS afraction of egs (5) or (6) is the nominal evacuation
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time. Conversdly, if eq (5) or (6) exceedst, e then the nominal evacuation timeisthe time in egs
(5) or (6) plus a fraction of t,, - 10 determine what value these fractions should be, it is
necessary to conduct a more detailed analysis of the evacuation flow [3].

N@(it leaves

N people

Qsta' r
t

Weffective
Xhorizontal
Vavle
Vaair
Xtread

X

Zriser

Zartical

t _ (thorizontal + tverticaj)
unimpeded (1)
Xmobility
X
Xmobility = 100 ()
X, .
h tal
thorizontal = oreen (3)
Vable

. 11 Z.
tverticaj _ Zvernca] 41 Znser (4)
Vstair 7 Xtread

t Npeople e)(ltleaf%)

()

‘t— . =
Seopenng Nexitleaves 1person
N 1
|
tstair = %% (6)
effective Qstair

Total number of door leaves from the building to the outside
Total evacuating population
People flow rate in a stairway enclosure (default 60 people/min/m , «)
Exit time (sec)
Effective width of an exit passageway (see Section 3.6.3) (m)
Total horizontal distance traversed by the evacuee (m)
Speed of an able evacuee moving on flat, dry surface (m/s)
Speed of an able evacuee moving in a vertical means of egress (m/s)
Depth of the tread from riser to riser (m)
Speed of the slowest evacuee as a percentage of able evacuee speed
Height of the riser from tread to tread (m)
Total vertical traverse distance (not distance aong a sloped incline) (m)
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3.6.3 Program Notes

Door leaves less than 5/6 of a standard-door width (0.76 m) should not be considered as an additional
leaf available for evacuee egress movement.

Fow rates through door leaves are assumed at one person per second per door leaf. If the door |eaf
isless than 0.86m (34 in.) then the flow rate may be less. The exitway flow rate is user adjustable.
For exit openings subgtantidly larger than 0.86m (34 in.) per door leaf, the flow rate can exceed one
person per second. To reflect this potentid the user should modify the parameter “Flow rate per door
leaf.

Effective flow width for stairs measures wall-to-wall, minus projection of artifacts, minus a clearance
distance from the artifacts. This clearance distance is artifact dependent [3]. Typical stairwell
effective width is 0.305 m (1 ft) less than actual width. This accounts for the 0.076 m (3 in.)
projection of each handrail plus 0.076 m clearance for each handrail.

Turngtiles can have flow rates 1/3 of values for stairwell doorways (20 people/min/my, esive) -

Stair flow rate is roughly 60 persons per minute per meter of effective width (18.3 persons/min/ft).
Thisflow rateis user adjustable.

If there is more than one stairway and these widths differ, an average width is needed to represent
these egress paths because only one stairway width may be entered to this routine. This average
width may be calculated such that when multiplied by the number of stairways, it yields a net width
equal to the sum of the individual stairway widths.

Emergency travel speed on flat, dry, uncongested surfacesis 76 m/min (250 ft/min). The flow rate
is user adjustable; one application follows:

The Americans with Disabilities Act [2] suggest flow rates of 28 m/min (90 ft/min) for disabled
evacuees. This represents a speed 37 percent of that assumed for an able person. However, after
every 30.5 m (100 ft) of travel, the ADA further suggests that the evacuee will pause for 2 minutes,
presumably to rest.

The output parameter “Time required to pass persons through the (building) exit doors..." predicts the
waiting time the last person in line will experience when completing one of the last parts of their
egress path--that of moving from inside to outside of the building. The rate of movement through
the exterior-access doorsis afunction of the number and effective width of these doors. The building
population is equally distributed among the specified exterior-access exit doors. A wait during this
part of the egress can be caused by insufficient exit doors, inadequate door widths, or alarger-than-
anticipated building population.
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The output parameter “Time required to pass persons through the stairwell exit doors..." is calculated
analogousto "Time required to pass persons through the (building) exit doors...'

3.6.4 Program Interface
INPUT

Travel speed on level routes
Vertical travel speed on stairs
Flow rate through doors
Flow rate on stairway
Population

Evacuees are able/disabled
Speed of the slowest evacuee

Exit door |eaves avail. to evacuees

Total length of route that is level

Portion of travel over stairs

Number of stairways used
Stairway width
Stairway riser height

Stairway tread depth

(m/min)

(people/min/m W yoqive)

(people/min/exit door leaf)

(people/min/m W g eciive)

Total number of evacuees using the evacuation routes
Choice between default and modified travel speeds

Disabled speed as a percentage of able-bodied speed

This number is rounded-off to an integer. To obtain results

reflecting additional exit width beyond 0.86m (34 in.) adjust
the parameter pertaining to "Flow rate through doors

(m)

Vertical distance moved via stairwell travel. Thisis not the
same as the distance moved along the slope of a stairway but
the vertical distance between the starting and the stopping
locations (m)

Total width (not effective flow width: W y;yive)

(mm)

(mm)
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OUTPUT

Horizontal and stair travel time

Time required to pass persons
through the (building) exit doors

Time required to pass persons
through the stairway exit doors

3.6.5 References

Time estimated for a person to traverse all stair and horizontal
paths exclusive of any queuing (queuing or line-waiting is
considered by the following two output parameters).
Doorways are assumed open and no other evacuees are
considered to impede travel rates (min)

Time for the entire building population to pass through the
available building exit doors (min)

Time for the entire building population to pass through the
available building stairwell exit doors (min)

[1] Pauls, J., "Movement of People,” SFPE Handbook of Fire Protection Engineering,” NFPA,
Quincy, MA 02269, pp. 1-246, 1988.

[2] United States Department of Justice, "Nondiscrimination on the Basis of Disability by Public
Accommodations and in Commercid Facilities: Americans with Disabilities Act 28 CFR Part
36, Fina Rule, Federal Register, July 26, 1991.

[3] Nelson, H.E., McLennan, H.A., "Emergency Movement,” The Society of Fire Protection
Engineers Handbook of Fire Protection Engineering, NFPA, Quincy, MA 02269, pp. 2-214,

1988.
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3.7 FIRE/WIND/STACK FORCES ON A DOOR.
3.7.1 Application

This procedure estimates forces imposed on a door from up to three combined pressure sources.
buoyancy, wind and stack effects.

3.7.2 Theory

Fluid movement in genera and gas movement in particular, is initiated by pressure differences.
Pressure differences are created by energy sources. The energy source for buoyancy-induced
pressure differences comes from the fire, [eq (1)] [3]. The energy source for wind-induced pressure
is contained in the kinetic energy of the air molecules [eq (2)] [1,4]. The energy source for stack-
effected pressure differencesis maintained in the potential energy of the building's climate-controlled
air [eq (3)] [4].

P(MW), 1 1
AP, = Apgz = ( - )9z !
o R Tbldg Tfire ( )
Co.. (V2. - V2
APwind _ pwmd( initial flnal) (2)
2
P(M 1 1
APstack =Ap gzneutral plane = ( RVV) ‘ (T - T )‘ g(Zneutral plane - Zo) (3)
outside building
Wdoor
by Mhin9€: O; / (F /(X)'X) dx - I:Iatchvvdoor =0 (4)
0
1 Wdoor
Flatch = W f (APZdoor‘X) dx (5)
door g

In order to determine the net force required to open the door at the latch, the net pressure acting
upon the door is needed. The net pressure acting upon the door is obtained by summing the
individual pressure contributions cited above in egs [(1) - (3)]. Once the net acting pressure is
determined, the opening force required at the latch is obtained by summing the moments about the
door hinge [egs (4) and (5)].
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C Coefficient accounting for non-ideal flow, particularly about orifice edges

F Force (N)

g Gravitational acceleration constant at Earth's surface (9.81 m/<?)

ZM pinge Sum of the moments about a door hinge (m)

MW Molecular weight of the gas (~29 g/(g-mole) for air)

P Pressure (Pa)

AP Pressure difference over some interval of distance (Pa)

R Universal gas constant (8.314 J((g-mole)K))

T Temperature of agas (K)

W oor Door width (m)

X Distance along the width of a door with the origin at the latch (m)

z Height of a gas volume adjacent to another gas volume of different density (m)
Zioor Height of the door (m)

Ziioor Elevation of bldg. floor above lowest significant building opening to outside (m)
Zatral plane Elevation of building neutral plane above lowest major opening to outside (m)
z, Elevation of interest above the lowest significant building opening to outside (m)
\J Gas velocity, wind speed, (m/s)

o Gas density (kg/m?)

Ap Density difference between two gas volumes (kg/m®)

3.7.3 Program Notes

3
Zvirtual building height ? |(Zneutral plane Zfloor)| (6)

The stack effect calculations assume the elevation of interest is located 2/3 of the building height
verticaly distant from the neutral plane. To model conditions when the door-of-interest is located
a vertica distance other than 2/3 of the building height from the neutral plane the user can enter a
“virtual building height' instead of the actual building height. Eq (6) is presented for the user to
caculate this "virtud building height." Eq (6) presumes the user knows the elevation of the building's
neutral plane.

All pressures are additive. This is not necessarily true in all cases, but it is a conservative
simplification of theory. The resulting force an individual must apply at the latch of a door
experiencing one or more of these pressure forces is the sum of the forces calculated from this
procedure plus the force required to open the door against the door-closing mechanism.

One application is determining the force an individua needs to exert on the latch edge of a door
located at the top of abuilding stairwell experiencing a strong winter-stack effect.
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There are no pressure differences across the width of the door. Thisimplies the net force acting on
the door per differential width, F(x) or APz, is constant.

The density difference, Ap, is due to a temperature difference between 2 gas volumes of similar
molecular weight. This procedure does not apply to density differences originating from 2 gas
volumes of differing molecular weight.

The fire gases impacting the door of consideration are at a single temperature across the full width
of the door.

None of the forces being measured are constrained by a "tight building' or other situation that would
constrict gas flow or development of the full theoretical force predicted by the wind pressure
eguation.

Wind assumedly impacts the building with a pressure coefficient of 0.8 [1]. If wind effects are being
consdered upon a door, then the assumption is that the wind strikes the door in such adirection as
to contribute to the pressure effects generated by buoyancy and stack.

The temperature of air inside the building is21 °C (70 °F).

The building height may be considered the elevation difference between the lowest and highest
opening to the outside.

Bernoulli flow assumptions were used in this procedure. These assumptions were: no viscosity,
steady-state flow, an incompressible fluid (for air at room temperature). Significant deviations from
incompressibility occur around 1,013,250 Pa[2].

This procedure can consider the stack effect created by winter and summer conditions [1].

If one uses eq (3) for a "hand-calculation’ then z,.,.4 . Measures the distance from the building

neutral plane to the elevation of interest in the building [1].

3.7.4 Program Interface

INPUT

Building Height (m or ft)
Door Height (mor ft)
Door Width (mor ft)
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Celling Height Measured from the floor (m or ft)

Smoke Depth Depth of the smoke measured from the celling (m or ft)

Wind Speed (km/hr or mph)

Thiag Building temperature (°C or °F)

Tiire Fire temperature, values for this parameter may be obtained from
characteristic hot-layer temperature predictions from FIRE
SIMULATOR or ASETBX. (°C or °F)

T guside Outside temperature (°C or °F)

OUTPUT

Pressure on the door Pressure on door (Paor Ib/ft?)

Latch Edge Force Force at latch edge of door (N or 1by)

3.7.5 References

[1]

[2]

[3]

[4]

[5]

Klote, JH., Milke, JA., Design of Smoke Management Systems, ASHRAE, Atlanta, GA
30329, 1992.

Perry, JH., Chilton, C. Chemica Engineers Handbook, McGraw-Hill, New Y ork, pp. 3-151,
1973.

Fang, JB., "Static Pressures Produced by Room Fires," Nat. Bur. Stand. (U.S.), NBSIR 80-
1984, Gaithersburg, MD 20899, 1980.

Tamura, G.T., Klote, JH., "Experimental Fire Tower Studies on Elevator Pressurization
Systems for Smoke Control,” ASHRAE Transactions, 93(2), pp. 2235-2257, 1988.

Klote, J.H. "Fire Experiments of Zoned Smoke Control at the Plaza Hotel in Washington,
D.C.," ASHRAE Transactions 96(2), 1990.
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3.8 LATERAL FLAME SPREAD
3.8.1 Application

This procedure estimates the lateral spread of an attached flame along the surface of athermally thick
fud. "Wind-aided' flame spread is an inappropriate application of this procedure; the procedureis
appropriate for flame spread in a direction that is opposite--or normal to--the direction of the
propagating flame front.

3.8.2 Theory

The equations used in this program were developed by Quintiere and Harkelroad [1984]. The
material properties required by these equations may be experimentally obtained from the Laterd
Ignition and Flame spread Test (LIFT) apparatus using procedures outlined in the above reference.
The properties include the fuel flame spread parameter (¢), the fuel piloted-ignition temperature
(Tignition, piter)» @Nd the fuel thermal inertia (kpc,).

¢ 1
Vilame, lateral ) 2 (D)
ke v (Tig - Tsurface)

The equation for latera flame spread appearsin eq (1). The piloted-ignition temperature for many
fuelsis quite similar, as the software reference provided with this routine demonstrates.
Vilane, laerd Lateral rate of attached flame spread (m/s or ft/s)

Ignition factor from flame spread test data (kKW2/m°)

kpc, Fuel thermal inertia at flame preheat conditions (kW2 s/(m*K?2))
Tignition, pilot Piloted fuel ignition temperature (°C or °F)
T rface Unignited, ambient-surface temperature (°C or °F)

3.8.3 Program Notes

Because temperature is raised to the second power, its impact on the estimated flame velocity is
relatively large.

Thermal inertia (kpc,) of the fudl isbest measured as a single value and at elevated temperatures that
accurately simulate conditions during actual flame spread.

It is strongly recommended that data for ¢ and kpc, be obtained from asingle test per the suggestions
of Quintiere and Harkelroad.
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An inappropriate use of this model is for upward flame spread on awall where unignited fuel in the
“shadow' of the flamesheet receives significant preheating.

Experiments have shown correlation with this procedure for lateral extension on a horizontal fuel
surface and downward flame extension on a vertical fuel surface[1,2].

This procedure may not be appropriate for vertically-oriented fuel surfaces that drip when burning.

3.8.4 Program Interface

INPUT

List values Example materials and their values for ¢ and Tgion, piar
Ignition temperature Tignition, pitor (CC O °F)

Surface temperature Toriace (CCOr °F)

OUTPUT

Flame spread rate Lateral attached flame spread rate (m/s or ft/s)

3.8.5 References

[1] Quintiere, J.G., Harkelroad, M.F., "New Concepts for Measuring Flame Spread Properties,”
Symposium on Application of Fire Science to Fire Engineering: American Society for Testing
and Materials and Society of Fire Protection Engineers, Denver, CO, 27 June 1984.

[2] Quintiere, J.G., "A Semi-Quantitative Model for the Burning of Solid Materials,” Nat. Inst.
Stand. Tech. (U.S.), NISTIR 4840, Gaithersburg, MD 20899, 1992.

[3] Standard Test Method for Surface Flammability of Materials Using a Radiant Heat Energy

Source, ASTM E-162, Annual Book of ASTM Standard, Volume 04.07, American Society
for Testing and Materials, 1988.
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3.9 LAW'S SEVERITY CORRELATION
3.9.1 Application

This procedure provides a systematic method whereby two fires (one a ‘red’ fire, the other a
standard, time-temperature fire) may be compared for equivalence regarding the structural damage
they impose. Effectively, the procedure answers the question, “given a known fire, what standard-fire
resstance is needed to protect insulated structural members? The standard, time-temperature fire
follows the European specification [1], a close approximation to the ASTM E-119 standard time-
temperature curve. The breadth of data from which this correlation was developed [2,3] aswell as
the length of time over which the correlation has been successfully used testifies to its robustness.

3.9.2 Theory

The point of comparison between the “red’ fire and the “standard' fire is the point in time that a critical
temperature is achieved on the surface of a thermally-thick insulated structural element. Law
chose 550 °C (1220 °F) asthe critical temperature (because at this temperature steel's modulus of
elagticity (strength) is dramatically reduced; however, other critical temperatures could have been
chosen just as readily, the net result being a relationship bearing the same form as eq (1), only with

mfuel

———— 1
v Avent Aroom 0

different constants. The author demonstrated that other thermally-thick-insulated elements, (e.g.
concrete, heavy-timber) could be analyzed with this method. Although these other insul ated-elements
may not fail at the “critical' temperature assumed with this procedure, these elements would
nonethel ess experience a smilar surface temperature of approximately 550 °C.

teffectiveresi stance

testontive Duration of exposure to the SO standard time-temperature fire-resistance test that
is correlationally equivaent to the “real’ fire exposure. (min)

At Effective area of dl vents. When more than one vent exists, use the method outlined
in Section 3.15.2 for calculating an equivalent area. (m?)

A oom Area of the compartment surfaces. The calculations do include the floor and ceiling
area, as well asthe area of thewalls, less A, .. (M?)
My Mass of dry wood burning in acrib configuration that is equivalent to the total energy

released by the “red’ fire. (kg)
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3.9.3 Program Notes

This procedure requires as input, a mass of wood fuel (m,,) releasing an equivalent energy upon
completion of burning as from complete burning of the “actual’ fuel. The mass of wood fuel needed
asinput for the Fire Load input parameter described in Section 3.9.4 may be determined from eq (2).
Informed and/or engineering judgement is needed to determine what are appropriate and prudent
values for the heats of combustion used in eq (2).

_ rnfUGI,aCtual A Hcfuel,actual (2)
AH,

'wood

r.r\/vood

The concept that an exposure time in a standard time-temperature fire can be related to a different
exposure timein an actud fire hinges upon the premise that a thermally-protected steel column within
each exposure attains the same temperature at the completion of each fire.

The correlation assumes the materias providing the estimated fire resistance protection are thermally
thick. Thermally thin protection or exposed steel members may not be a valid application for this
correlation [2].

Thetests used for development of the correlation were conducted in small- and full-scale rooms with
concrete and fibre-board insulated walls and a variety of ventilation Szes. Various fuels (tires, liquids,
wood cribs, and furniture) were used in correlating eq (1) [2,3].

The test configurations all contained open vents. It is recommended that the compartment being

investigated possess at least a 0.4 m? (4 ft2) opening. This recommendation is based upon engineering
judgement [5].

3.9.4 Program Interface

INPUT

Length of space Length of the room (m or ft)

Width of space Width of the room (m or ft)

Height of space Height of the room (m or ft)

Height of opening Height of the (equivalent) vent (m or ft)

Width of opening Width of the (equivalent) vent (m or ft)

Fire load Mass of wood producing afire “equa’ to the actual fire (kg or 1b,,)
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Fire load (dengity) Fire load per unit floor area. This value is entered by toggling the

ENTER key on the line underneath Fire Load (kg/m? or b, /ft?)

OUTPUT

T ettective fire resistance Exposure time in the standard fire test that is equivalent to the time of

exposurein a ‘red' fire (min)

3.9.5 References

[1]

[2]

[3]

[4]

[5]

Fire Resistance Tests of Structures, International Organization for Standardization
Recommendation R834, 1968.

Law, M., "Prediction of Fire Resistance"; Proceedings, Symposium No. 5, Fire-resistance
Requirements for Buildings - A New Approach; Joint Fire Research Organization, London,
Her Mgesty's Stationery Office, 1973.

Thomas, P.H., Heseldon, A.J.M., "Fully-developed fires in single compartments. A co-
operative research promgramme of the Consell International du Bétiment,” Joint Fire
Research Organization Fire Research Note No. 923, 1972.

National Fire Protection Association Handbook, " Standard Methods of Fire Tests of Building
Construction and Materias," NFPA 251, NFPA, Quincy, MA 02669, 1989.

Nelson, H.E., "FPETOOL.: Fire Protection Engineering Tools for Hazard Estimation,” Nat.
Inst. Stand. Tech. (U.S.), NISTIR 4380, Gaithersburg, MD 20899, 1990.
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3.10 MASS FLOW THROUGH A VENT
3.10.1 Application
This procedure uses an iterative process to determine an approximate solution for mass flow into and

out of asingle, naturally-ventilated opening to aroom with a steady-state firein it. Thisroutineis
similar to, but not identical with, SMOKE FLOW THROUGH AN OPENING.

3.10.2 Theory

' d[m,]
{GenerationRate} + m, - m_, = L o

1

Zheutral plane — . ‘ .

1+ [l]5[1 . mpyrolysis]§ @
T. m;,
0 , -
MO ) 1\/4_—6 (1 * Znzu%ralplane) , Where 0 = (3)
; 2

mout = ?CMOAVentpmJTZ\m (4)

Conservation of mass is used to solve numerically the gas-mass flow rate into a naturally ventilated
room with steady-state elevated temperatures [eq (1)]. MASS FLOW THROUGH A VENT is
solved using the conservation of mass principa, SMOKE FLOW THROUGH AN OPENING is
solved using Bernoulli flow and orifice equation assumptions (Section 3.13). This solution process
begins with the user-specified fuel pyrolysis rate [the {generation rate} term in eq (1)]. The
procedure then "guesses amassinflow rate based upon door width. Thisinflow rate is then used to
caculate the neutral-plane elevation (Z .4 yae) Viaeg (2). Theneutral plane elevation is subsequently
used to calculate the mass outflow rate [eq (4)] [3]. If mass conservation [eq (1)] does not close
within the specified criteria then the bisection numerica technique guesses again and the process
repeats until convergence or excessiterations are achieved [1]. Some of the first work on these vent
flow rates was presented by Kawagoe [2].

In the conservation of mass equation, the pyrolysis rate is a source term, and as such its value is
inserted in the { generation rate} term of eq (1). Sincethis procedure assumes a steady-state elevated
temperature in the control volume (the room), the net rate-of-change in mass within the room
(d[m,]/dt) is zero.
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Myroyss Mass generation rate of the fuel (g/s)
m,, Net mass of gas within the control volume (the control volume
is the room air-volume not including the wall/ceiling materi-
as).
yA- Height of the vent opening from soffit to sill (m)
Zatral plane Height of the neutral plane in the vertical opening of the door (m)
T Temperature of the hot gas layer (K)
T, Temperature of the ambient, outside air (K)
0 Non-dimensionalized temperature variable (T - T_)/T.,

3.10.3 Program Notes

Air flows are motivated by buoyancy forces only: no mechanical pressurization, stack effect or wind
effects are considered.

Conditions are steady state: pyrolysis rate is constant, layer temperatures are constant, layer heat
losses are constant, momentum flow across the vent is constant. Examples of steady-state conditions
could be flashover, or fuel controlled burning when the fire is not growing.

The gas in the room is either at a uniform temperature (e.g. flashover) or isin a ventilation-limited
condition. This procedure is inappropriate for early stages in a fire when a hot layer increases in
thickness and the expansion of gases causes only an outflow from the room.

Thereiseither one opening in the space or al of the openings are at reasonably the same leve in the
space. If openings must be combined, they should be combined per the method used in Section 3.17.
3.10.4 Program Interface

INPUT

Convergence Criterion Criterion for numerical solution of eq (2)

Upper layer temperature Temperature of the hot, upper layer of gas (°C)

External temperature Temperature of the ambient, outside temperature (°C)

burning rate Fuel pyrolysisrate (g/s)
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OUTPUT

My Fluid flow rate out of the room (g/s)
m, Fluid flow rate into the room (g/s)
Prasra plane Absolute height of the neutral plane above the bottom of the vent.

This variable is also expressed as the nondimensionsal height of the
neutral plane in the door (m)

3.10.5 References

[1] Lawson, J.R. and Quintiere, J.G., "Slide-rule Estimates of Fire Growth," Nat. Bur. Stand.
(U.S)), NBSIR 85-3196, Gaithersburg, MD, pp. 56, 1985.

[2] Kawagoe, K. D. & Sekine, T., "Estimation of Fire Temperature-Time Curve for Rooms," BRI
Occasionid Report No. 11, Building Research Institute, Ministry of Construction, Japanese
Government, June 1963.

[3] Rockett, J. "Fire Induced Gas Flow in an Enclosure,” Combustion Science Technology, (12),
pp. 165-75, 1976.
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3.11 PLUME FILLING RATE

3.11.1 Application

This procedure estimates the volume flow of smoke and entrained air in a plume at a point above the
flames of afire of constant heat release rate.

3.11.2 Theory

There are currently several models [3,4,5,6] that estimate entrainment into arising buoyant plume.
Each modd provides roughly the same accuracy with no individual model clearly outperforming the
othersindl cases. This procedure usesamodd originated by Zukoski and later modified by Cooper
& Stroup [2]. A version of this plume model was incorporated by Walton [1] into ASETBX.

The equation in PLUME FILLING RATE is

V(2) = 2.60(1-%,)Q + 60.5[(1-x, -x,)Q]"*z" )
V(2) Volumetric flow rate of all gasesin the plume at height z (Liters/s)
Q Theoretical fire heat release rate (kW/s)
X Fraction of Q released through radiative heat transfer
Yo Fraction of Q not released via radiative or convective heat into the plume
z Height in the plume where V (2) is calculated (m)

3.11.3 Program Notes

This procedure applies to steady-state fires.

The input parameter y, may be used to account for combustion inefficiencies and/or heat from the
fire that is expended in pyrolyzing fuel. If . is non-zero, then the sum of y, and y, should be less
than one.

This procedure should not be applied at heights equal to or less than the mean flame height. The
mean flame height is that elevation on the central fire axis where flames appear 50% of thetime. The
mean flame height also correlates with an average gas temperature of 500 °C. [3].

Other plume models have been verified in large atria[7].

The approximate conversion between Liters/'s and cubic feet per minute is 2.12. To convert from L/s
to cfm, multiply the number representing flow in L/s by 2.12.
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The fire is considered a point source; i.e. no line fires or fire areas in a distributed sense are
considered.

This procedure does not consider wall or corner fires.
The buoyant gas has no appreciable horizontal momentum.

Thereisno contact between the walls of the compartment and the plume (mathematically the walls
are adistance, r, from thefire: r > 0.2 * H).

This procedure should not be used on predominantly momentum-driven plumes.
The plume is not tilted from the vertical and the plume is not experiencing wind- or mechanically-

aded entrainment.

3.11.4 Program Interface

INPUT

Burning rate Fire heat release rate (kW)

Radiant fraction Fraction of Q distributed via radiative energy [10]

Additiona loss fraction Fraction of Q not convected and not radiatively distributed

Height abovefire Elevation difference between the point of interest in the plume and the
lowest height where entrainment begins (for diffusion flames thisis
usualy the base of the flames. (m)

OUTPUT

Volumetric flow rate Volumetric flow ratein the plume at elevation (z) above the fire (m¥/s

or scfm)

3.11.5 References

[1] Wadton, W. D., "ASET-B A Room Fire Program for Personal Computers,” Nat. Bur. Stand.
(U.S.), NBSIR 85-3144, Gaithersburg, MD 20899, 1985.

[2] Cooper, L. Y., and Stroup, D. W., "Cdculating Available Safe Egress Time from Fires,"Nat.
Bur. Stand. (U.S.), NBSIR 82-2587, Gaithersburg, MD 20899, 1982.
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Morton, B.R., Taylor, G., Turner, J.S., "Turbulent Gravitational Convection from
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Heskestad, G., "Fire Plumes," The SFPE Handbook of Fire Protection Engineering,” National
Fire Protection Association, Quincy, MA 02269, pp. 1-107 to 1-109, 1988.

McCaffrey, B.J., "Flame Height,"The SFPE Handbook of Fire Protection Engineering,"
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3.12 RADIANT IGNITION OF A NEAR FUEL

3.12.1 Application

Thisis a quick, simplistic estimation method for determining what size fire will radiatively ignite a
nearby fuel; no flame impingement is assumed.

3.12.2 Theory

The equations in this procedure were obtained through correlation of experimental data[1]. The
experiments examined the fire sizes necessary to ignite a second, remote, initialy non-burning fuel
item that was not in direct contact with the flame or convective flow of the origina fire. The
experimenta data provided a correlation between the peak heat release rate of the first-burning item
and the maximum distance to a second non-burning fuel item that would result in ignition.
Babrauskas found the second item could usually be categorized into one of three groups--based upon
material and size:

1).

2).

3).

Easily Ignited - material ignites when it receives a radiant flux of 10 kW/m? or gresater.
Example are thin materials such as curtains or draperies.

Distance + 0.08)

. (—
Q. = 30.0x10 0% D

Normally Resistant to I gnition - materia ignites when it recelves a radiant flux of 20 kw/m?2
or greater. Examples are upholstered furniture and other materials with significant mass but
small thermal inertia (kpc,).

Distance + 0.05

). =130
Qe ( 0.019

) 2

Difficult to Ignite - material ignites when it receives aradiant flux of 40 kW/m? or greeter.
Examples are thermoset plastics and other thick materids (greater than 0.013 m [ ¥2in.]) with
substantial thermal inertia (kpc,).

Distance + 0.02
0.0092

inre = 30( ) (3)
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Qrire Fire hesat release rate (kW)

o Regression coefficient of experimentally measured data (m)

B Regression coefficient of experimentally measured data (m)

3.12.3 Program Notes

The least accuracy is obtained when analyzing "Easy to ignite items. Thisis because the required heat
release rates for igniting these types of fuels are low enough that small changes in fuel properties can
result in large percentage changes for the required ignition heat release rates.

Target fuels do not have flame impingement considered in the ignition analysis.

The distance between the exposed fuel item and the initia burning fuel is small enough to nullify a
point source radiation assumption. The target-fuel item assumedly sees a broad fire such as that
produced by afree-standing upholstered chair or side of a couch.

Fuel typesincluded in the experimenta correlation were: wood, plywood, plywood laminates, paper,
polyurethane and polyethylene. These fuel types have a radiative fraction varying from 0.6 for
polyurethane to 0.3 for wood pine [2].

Another procedure for predicting radiative ignition of target fuels may be found in FREEBURN.

3.12.4 Program Interface
INPUT

Separation of fuel packages (mmorin.)

Fuel resistance to ignition For eadlly ignitable fuelsthe energy flux is 10 kW/m2, for normal fuels
the energy flux is 20 Kw/m?, and for hard to ignite fuels, the energy

flux is 40 kW/m2,

OUTPUT

Qiire Fire size of the initially burning fuel needed to ignite the second fuel
source.
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3.12.5 References

[1] Babrauskas, V., "Will the Second Item Ignite," Nat. Bur. Stand. (U.S.), NBSIR 81-2271,
Gaithersburg, MD, 1982.

[2] Tewarson, A., "Generation of Heat and Chemica Compoundsin Fires,” The SFPE Handbook

of Fire Protection Engineering, National Fire Protection Association, Quincy, MA 02269, pp.
1-186, 1982.
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3.13 SMOKE FLOW THROUGH AN OPENING
3.13.1 Application

This procedure estimates the steady-state volumetric flow rate of heated gas at el evated temperatures
through an opening from an enclosure. 1t is appropriate for measuring post-flashover or steady-state
smoke leakage through open doors or cracks around closed doors. Whereas this procedure solves
for the volumetric smoke flow rate at a given temperature, MASS FLOW THROUGH A VENT
solves for the vent flow in terms of mass.

3.13.2 Theory

The theory for smoke flow through an opening due to buoyancy forces is developed in Design of
Smoke Control Management Systemss, [1]. The derivation foundation is the classical orifice eq (1);
in contrast MASS FLOW THROUGH A VENT iterates on a solution satisfying mass conservation.
The velocity term in eq (1) may be substituted for by rearranging the Bernoulli expression [eq (2)]
and solving for velocity in terms of the other parameters [eq (2b)]. The assumptions for Bernoulli
flow arepresented in Section 3.13.3. The pressureterm in eq (2b) is solved through rearranging the
ideal gaslaw [eq (3)] with pressure expressed in gas density terms.

V = CA,,V )
AP, V12 AP, v22
t— 97 = t— *t9z (29)
Py 2 P, 2
AP,
v, — 12 (2b)
P2
AP, = Ap,_,gh (©)
PMW) 1 1
A = - =
P1-2 = |Tl T2| (3b)
’ 2ghP(MW) 1 1
V=C STV = - =
Avent\J ooR | T, | (4
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>
el

Areaof the vent that allows smoke movement (m?)

Oirifice coefficient (0.8)

Acceleration constant equal to Earth's surface gravity (9.81 m/s?)
Height of the neutral plane (m)

Ambient fluid molecular weight (28.95-10° kg air/(g-mole))
Standard pressure (101,325 Pa)

Pressure difference across the vent (Pa)

Universal gas constant (8.314 J((g-mole)-K)))

Air temperature (K)

Ambient air temperature (294 K)

Volumetric vent flow rate (m%/s)

Elevation difference (m)

=

8

N<—|—|;U%'U§:T©O

\J Smoke velocity (m/s)

Ap,, Density difference across the vent (kg/m®)
Subscript

1 Location inside the room

2 Location just beyond the vent

3.13.3 Program Notes

Assumes uniform depth of smoke in the vent area.
Steady-state flow conditions were assumed.

Bernoulli fluid is: steady-state, incompressible, nonviscous.
Only buoyancy driven smoke flow was considered.

Standard pressure, no stack effect, no air-handling systems, no wind forces, no unrelieved pressure-
volume work by the expanding, hot smoke.

Standard gravitational acceleration at Earth's surface, i.e. smoke flow is not considered in systems
undergoing additional accelerations. The heated smoke layer is quiescent away from the vent.

Inappropriate for duct-like openings where the passage length is significantly greater than the narrow
dimension of the opening.
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Air is the ambient gas (or any other ambient gas should have a smilar molecular weight) at a
temperature of 21 °C (70 °F).

The temperature should characterize the average conditions throughout the smoke layer.

3.13.4 Program Interface

INPUT

Smoke flow area Vent area (m?)

Smoke T Temperature of the smoke (°C)

Depth of Smoke Depth of the smoke (m)

OUTPUT

Smoke flow Smoke flow rate out of the vent area (L/s)

3.13.5 References

[1] Klote, JH., Milke, JA., Design of Smoke Control Management Systems, ASHRAE & SFPE,
Atlanta, GA 30329, pp. 21-32, 1992.
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3.14 SPRINKLER/DETECTOR RESPONSE
3.14.1 Application

This procedure calculates the thermal response of a detector or sprinkler located at or near a ceiling
whose areais large enough to neglect the effects of smoke layer development.

3.14.2 Theory

The equations in this procedure were originaly distributed in a program written by Evans and Stroup
[1] entitted DETACT-QS. The corrdationsfor jet temperatures and velocities were devel oped from
data by Alpert [2]. The theory and documentation for sprinkler activation are presented by Evans

13].

The results of this procedure predict time of thermal detector activation. In order to make this
prediction, time-dependent events from the fire must be linked to events resulting in the heating of
the detector from ambient to its activation temperature. The heat source is accounted for by a user-
soecified, time varying-fire’. The time-lag associated with heating the detector is accounted for with
the RTI parameter [eq (2)]. The RTI parameter considers the detector's ability to absorb heat and
the ambient environment's ability to provide heating. Ambient environmental heating is modeled with
only forced convection. The temperature and velocity of the convecting air are predicted from
correlations assembled from experimental data of full-scale steady-state and growing fires[2] [egs
(1) - (4)]. Theactual heat release rate of the fire should be used with both radiative and convective
fractions. When Ty, equals or exceeds the value in Ty, ivaion, then detector response is predicted.

1 1
kK w1
TD'HAX - (TjetHAt - TD't)(l - € ) * (TjetHAt - Tjet‘)r(e ’ ? B 1) (1)
. _ RTI
- 2
- @
J 1
vy = 0953, for L < 015 @?)
t Z VA

4 See Section 4.4, 4.5, or 4.6.
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RTI

Tjet,t+At

Tjet,t

vy 0222 for I > 015 4

Jet, 5 Z
i
2
B 16.90Q°3 r
Tjett =T, — for 5 < 018 (5)
Z3
538,03
T, =T + 2893 for L > 018 6)
et e z r

Total theoretical fire heat release rate (kW)

Radial distance of the sprinkler from the vertical axis of the fire (m)

Response Time Index: (MC,)ggeco/ (NA) V” 14 @ Characterization of the detector's
therma sensitivity; ameasure of how quickly a detector link reaches its activation
temperature.

Temperature of the jet at the next time step, t+At (°C)

Same as T, bUL at the previoustime step, t (°C)

Ambient space and initia sprinkler temperature (°C)

Detector or link temperature at time, t (°C)

Veocity of the calling jet gases as afunction of the parameters on the right-hand side
of egs (2) and (3) at time step, t (M/s)

Verticd entrainment distance; the difference between the height of the ceiling and the
base of the flames (m)

3.14.3 Program Notes

The total theoretical heat release rate should describe the fire in this correlation [2,5]. The total
theoretical heat release rate may be obtained by multiplying the mass pyrolysis rate by the theoretical
heat of combustion. Mass pyrolysis rates can be obtained through experimental measurement using
load cells or by analogy with previously burned exemplars. Theoretical heats of combustion are
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available from handbooks (see Section 1.4).
The program assumes a quasi-steady-state fire and ceiling jet behavior. This assumption limits the
accuracy most when the fire heat release rate changes very rapidly.

The procedure assumes an unconfined celling jet and plume. If a smoke layer should develop under
the cailing (asis the case when the fire islarge rdative to the room), SPRINK L ER procedure within
FIRE SIMULATOR will consider entrainment of hot gases into the fire plume wheress this
procedure will not. The plume should not experience a reduction in entrainment, such as when flames
attach to awall or corner.

If the detector islocated significantly below the bottom of the ceiling jet, then this procedure should
not be used. The celling jet thickness is estimated between 6 - 12% of the entrainment height (z).

The procedure assumes the detector is located such that it is exposed to both the maximum ceiling
jet velocity and temperature.

Correlations for celling jet temperature and velocity were determined from limited experimental data:
(no beam or truss ceilings, no cathedra ceilings, only smooth, horizontal unconfined ceilings).

Sprinklers or heat detectors located on awall or on a celling next to awall may have activation times
sgnificantly later than predicted activation times. This delay is due to the dissipation of ceiling jet
velocity at thewall and wal/celling intersection. The disspation effect may be especialy true in room
corners. Within the FIRE SIMULATOR procedure, the ceiling jet velocity may be adjusted to
better mode these specia flow effects; this capability is not provided within
SPRINKLER/DETECTOR RESPONSE.

Rate-of-rise heat detectors are not simulated, only fixed-temperature detectors are simulated.
Radiation and conduction are not accounted for explicitly, but because these phenomena participated
in the correlationa experiments--to the degree that simulated fire conditions reproduce experimental
fire conditions--the radiation/conduction effects are implicitly accounted for. The experimental fire
conditions involved wet-pipe sprinklers exposed to cotton, wood, polyurethane, polyvinyl chloride,
and liquid heptane fires [1,4].

3.14.4 Program Interface

INPUT

Printout interval Effects hardcopy output
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Height of celling above fud

Distance of detector from fire axis

Initial room temperature
Detector activation temperature
Detector response time index

RHR(t)

OUTPUT
Jet Temperature(t)
Head Temperature(t)
Graphical Output
RHR
Tjﬁ

Thead

3.14.5 References

The difference between the elevation of the lowest point of the
fire that can freely entrain air and the elevation of the celling
(mor ft)

Horizontal distance of the detector location from a vertical
axis running through the center of the fire (m or ft)

T., Ambient and initia sprinkler temperature (°C or °F)
T, aivaion DEtECtOr link activation temperature (°C or °F)
RTI, Response Time Index ([m-s]*2 or [ft-s]¥?)

Total theoretical fire heat release rate (kW)

Temperature in the celling jet at radial distance, r (°C)
Temperature of the sprinkler/detector link (°C)
Total theoretical fire heat release rate (kW)

Temperature in celling jet at detector radia position (°C)
Temperature of the detector head (°C)

[1] Evans, D. D. and Stroup, D. W., "Methods to Cal culate the Response of Heat and Smoke
Detectors Installed Below Large Unobstructed Ceilings," Nat. Bur. Stand. (U.S.), NBSIR
85-3167, Gaithersburg, MD, 1985.

[2] Alpert, R. L., "Calculation of Response Time of Ceiling-Mounted Fire Detectors,” Fire
Technology, Vol 8:(3), National Fire Protection Association, Quincy, MA, pp. 181-195,

1972.

[3] Evans, D. D., "Cdculating Fire Plume Characterigtics in a Two-Layer Environment,” Fire
Technology, Vol. 20:(3), National Fire Protection Association, Quincy, MA, pp. 39-63,

1984.
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[4] Heskestad, G., Dédlicatsios, M.A., "Environments of Fire Detectors--Phase |. Effect of Fire
Size, Celling Height and Materid,” Nat. Bur. Stand. (U.S.), NBS-GCR-77-86, Gaithersburg,

MD 20899, 1977.

[9] Alpert, R.L., and Ward, E. J.; "Evauating Unsprinklered Fire Hazards, SFPE Technology
Report 83-2;" Society of Fire Protection Engineers. Boston, MA, 1983.

62



3.15 THOMAS'S FLASHOVER CORRELATION
3.15.1 Application

This procedure quickly estimates the amount of energy needed to produce flashover in a compart-
ment.

3.15.2 Theory

This procedure [1] results from simplifications applied to a hot-layer energy balance on aroom with
afire. These amplificationsresulted in eq (1). Thereisaterm representing heat lossesto the "...total
internal surface area of the compartment..." , and a term representing energy flow out of the vent
opening. The two constants in eq (1) represent values correlated to experimental flashover
conditions.

Q = 7'8Aroom + 378(Avent\lHvent)equivalent (1)
Aroom - Afloor * Aceiling * A\Nalls - 'A‘ventsequivalem (2)
Aventsequivalem Ventequivalem ' Ventequivalem (3)

W _ (AventV Hvent )1 + (Aventv Hvent )2 te
Ventequivalem g (4)
2
vent equivalent
Q= Fire heat release rate (kW)
A = Areaof the vent (n?)
Hyen, equivaen = T e difference between the elevation of the highest point among all of the vents and

the lowest point among all of the vents (m).
vent, equivaient = 1 NEWIdth of avirtual vent that has an area equivalent (for the purposes of determin-
ing flashover) to the combined area of all individua vents from the room of consider-
ation (m).

=

3.15.3 Program Notes
The formulation of the energy balance consdered heat |osses from the hot gas layer and heated walls

to the cooler lower walls and floor surfaces. The term A, should include all surfacesinside the
room, exclusive of the vent area
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The fire area should not be subtracted from the floor area as the fire will conduct and convect heat
into the floor underneath the fuel footprint.

The equation does not know where the vent is located, nor whether the vent is a window or adoor;
however, the equation was developed from tests that included window venting.

The equation does not consider whether the walls are insulated or not. Use of the equation for
compartments with thin metal walls may therefore be inappropriate. The experiments included
compartments with thermally thick walls and fires of wood cribs. The equation was later verified in
gypsum lined rooms with furniture fires [2].

Verification with fast growing fires: the correlation was devel oped from fast not slow growing fires.

This procedure was correlated from experiments conducted in rooms not exceeding 16 m? in floor
area.

The equation predicts flashover in spaces without ventilation. This prediction is unlikely due to
oxygen starvation of thefire.

3.15.4 Program Interface

INPUT

Room Length (m or ft)

Room Width (m or ft)

Room Height (m or ft)

Vent Height Height of the (equivaent) vent (m or ft)

Vent Width ~ Width of the (equivaent) vent (m or ft)

OUTPUT

Qtasrover = Estimated fire heat release rate that will create flashover (kW)
Quoor = Estimated energy losses from gas flow out of the door (kW)

Q.a = Estimated energy losses from gas to room wall surfaces (kW)
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3.15.5 References

[1] Thomas, P. H., "Testing Products and Materials for Their Contribution to Flashover in
Rooms," Fire and Materials, 5, pp. 103-111; 1981.

[2] Babrauskas, V., "Upholstered Furniture Room Fires--Measurements, Comparison with
Furniture Cadorimeter Data, and Flashover Predictions,” Journal of Fire Sciences, Voal. 2, 5,
1984.
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3.16 UPPER LAYER TEMPERATURE
3.16.1 Application

This procedure is a fast, rugged method for predicting pre-flashover upper-layer gas temperatures
in a compartment fire with a door and/or window.

3.16.2 Theory

The procedure was developed from aregressiond fit to alarge number of experimentally measured
firedata. Thislarge database s, in large part, areason for the procedure's robustness. The authors
of this method are McCaffrey, Quintiere and Harkelroad [1].

The prediction of upper layer temperature begins with an energy balance about a control volume.
This control volume includes the hot pyrolyzates and entrained air that together rise and form the
gaseous “smoke layer' within the room. The control volume does not include the barrier surfaces
(celling and walls); the control volume extends to, but not beyond the openings from the vents. By
applying conservation of energy to this control volume, a general expression for the temperature of
the upper layer in the room becomes available [eq (1)]. Thetwo termsin eq (1), M., [2] and Qg sacer
are substituted with egs (2) and (3). After further algebraic manipulation, eq (4) is obtained.

inre = rﬁoutcp(T - T)) + qurface (@h)

= 20|21 - ) 1 - 7 @
vent
qurface = hkAsurface(T -T.) ©)
AT (e, T M)

T 1+hA,_c.r )
& + k” “surface (Cpn'\/ent)

The three terms appearing in eq (1) also are present in eq (5), abeit in dightly rearranged manner.
Thesetermsare: Q;,., the energy source term; h Ag 1. the heat loss term (to the ceiling and walls);
and gl/chmem(A-HVZ ve the energy flow term. The form of the regression in eq (5) was motivated
by the derived physical relationshipsin eq (4). Numerical vaues for the terms C, n and min eq (6)
were provided directly from the regressional fit. Quintiere et al. [1] discovered that the heat losses
from the control volume to the floor surface (Qg,.e) Were minor in pre-flashover burning. Eq (4)
therefore is presented without consideration of floor areain Ay .-
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C = 480°C, n=2% m=-=
3 3 (6)

Surface heat loss coefficient, h,

The surface heat loss
coefficient, h, is derived
from an assumption of
a thermaly thick
compartment  barrier
[1]. This assumption
implies the duration
that adab isexposed to
a heat source must be
less than the time when
16 percent of the
energy entering the
dab's heated surface
begins to exit the dab
from the unexposed
surface. Figure 3.16.1
illustrates that the
amount of energy
leaving the dab (or
wadll) from the cool side
changes with time as a

Wall Wall
f&we Wall /T—kc fﬁ.
b
T / T
wall, |
T\‘vall wanimide Twa]l inside
T i inside T . outside
WGutside Wlldutside
oul ) o Suside

ir i air_ .
. air . . X
outside outside outside

t<<t, t >,

>

K
-

Increasing length of exposure to fire environment

Figure 3.16.1. Temperature pulse moving from a heated to an unheated
surface

result of the temperature pulse moving through the slab (or wall). This temperature pulse movesin
amanner smilar to that of awave. As the temperature wave moves through the slab, more energy
is conducted into the barrier interior. Eventually the interior slab temperatures increase to the point
that the temperature profile becomes linear, and the amount of heat leaving the cool side no longer
increases. The heat transfer coefficient, h,, is calculated using the transient formula[eq (7)], up to
the point when the heat exiting the back surface is greater than 16 percent of the heat entering the
exposed surface. After this point, h, is calculated using the steady-state assumption [eq (8)]. The
elapsed time up to this transition point between unsteady and steady-state heat loss is called the

therma penetration time;

itiscaculated fromeq (9). A barrier with along thermal penetration time

issaid to be "thermdly thick.'
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h - Aval poocpk| . Aceiling( 1 )L
k ~ A % wall A (7)
total total p Cp k p Cp k
T|ceilingl * T|ceilingz
h — 'A\Na” ( 1 )—1 + Aceiling(k)|
k /11
Atotal (E)| + (E)| Atotal 0 (8)
R
P.Cy, 0
tthermal penetration K < (?)2 (9)

In the above scheme, an accounting for the fact that walls and celling may be built from different
materials is incorporated into the equation through the ratio of the respective surface areas and
meaterid properties. It isalso possible to account for surfaces that are layered together in a manner
analogous to asandwich. The subscript - denotes this latter type of sandwich arrangement. Up to
five layers are considered, but approximations can be acceptably written through representing only
those layers with the highest thermal conductivity. The subscripts -, and -, denote the layer whose
surface is visble from indde the room and the layer immediately behind that, respectively. If only one
layer exists, subscripted termsin egs (8) and (9) with values greater than one vanish.

Ay e Areaof surface denoted by subscript, excluding vent areas (m?)

(AVH) e

S 00
lw)

oQ O 0
=

]

ZOB'WI
=

P-.
inre
qurface

tthermai penetration

T
T

o

Width - Height®? of the vent

Linear constant of regression

Orifice discharge coefficient

Heat capacity of slab denoted by subscript (kJ/kg/AK)

Thickness of adab denoted by subscript (m)

Earth's surface gravitational constant (9.81 m/s?)

Overall surface heat transfer coefficient (KW/m#/AK)

Vent height (m)

Thermal conductivity of dab denoted by subscript (KW/m/AK)

Mass flow rate of hot gas out of the room (kg/s)

Layer neutral plane height in the doorway (m)

Density of slab denoted by subscript (kg/m®)

Fire heat release rate into the control volume (kW)

Heat lost from the control volume to the room surfaces (except floor) (kW)
Time when afixed percentage of the heat entering a surface from one side transfers
through the dab and exits from the back surface (sec)

Temperature of the control volume (smoke) gases (K)

Temperature of the ambient room air at simulation start (K)
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AT Temperature difference (T - T.) (K)

Wt Vent width (m)

subscripts

1 Surface 1, surface visible from the inside of the room

2 Surface 2, directly behind surface 1 (from a point of view inside the room)
p thermal penetration time

o0 Ambient and/or starting conditions

3.16.3 Program Notes

The database robustness along with regression as the choice of correlational fit have ensured good
utility from this procedure in predicting temperatures up to flashover or up to the vent-controlled
burning regime. The database included over 100 experiments of both full- and small-scale rooms and
ventilation that included doors or windows or both. The firesincluded wood, gas and plasticsin crib,
burner or furniture configurations [1].

For firesthat are smdl relative to the room, the ventilation parameter will tend to overestimate vent
flows and therefore underestimate layer temperatures.

The smulated fire should be described with the actual heat release rate (radiative and convective).
If the change in fire heat release rate is significant between the one-second time steps of the
simulation or the datapointsin the fire file, then errors can result in the output from this procedure.
Thefireis consdered to be apoint source; no line fires, wall fires or fires of significantly distributed
area are considered.

Predictions become hotter than experimentally measured when the vent area approaches zero. An
example of a poor application could be smoke |eakage past a crack in a doorway.

This procedure has no method to account for the location of the vent with respect to its elevation
within the wall.

Ventilation through the ceiling or floor is not simulated.

Thisregressond correlation was devel oped with some reduced-scal e enclosures having length scales
as small as 0.5 meter on aside. Below this size however, results can not be assured.

This correlation has been adapted for post-flashover predictions [3], but agreement with post-

flashover experimentd results were not satisfactory per the comments of McCaffrey, Quintiere et al.
For post-flashover predictions, FIRE SIMULATOR is arecommended tool.
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When thermdly thin walls are modeled, predictions of temperatures may be higher than redlity. One
example of thermally thin wallsis bare metal.

When modeling room barriers containing multiple layers, those layers with thermal conductivities one
or more orders of magnitude smaller than other layers may be disregarded form eq (7) and (8).

3.16.4 Program Interface

INPUT

Printout interval

Initial room temperature
Maximum Run Time

Barrier Material Properties

surface

O X o>

©

o

Vents

Firefile

Next Input Screen

OUTPUT

Quel)

T(t)

Ventilation Limit

T (tﬂ ashover)

(s)

(°Cor °F)

Duration of the smulation (sec)

Up to 5 layers ssmulating multiple-layered, back-to-back composite
Material surface area (m? or ft?)

Materia thickness (m or ft)

Material therma conductivity (kwW/(m-K))

Material heat capacity (kJ/(kg-AK)

Material density (kg/m®)

A door and/or awindow may be described here (m? or ft?)

A pre-exiding firefile (*.fir) may be specified or afire file can be gen-
erated at run-time. To exit from the fire file generation process, use
the ESCAPE key.

The option to enter a descriptive title for the smulation may be
entered here

(kw)
(°Cor °F)
Determined as in Section 3.17 (kg/s)

Determined when the temperature increase of the control volume
gases (smoke) increases 600 °C (1200 °F) above T_ (°C)

70
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3.17 VENTILATION LIMIT
3.17.1 Application

This procedure estimates the maximum post-flashover fire size sustainable in a room based upon the
ventilation geometry. Vent geometry can control the fire size because vent geometry can limit the
amount of air entering the room and hence limit the amount of oxygen that may combine with the
fuel.

3.17.2 Theory

Kawagoe [1] originally presented the idea that fire heat release rate within a compartment could be
limited by ventilation geometry. This idea was borne out by Kawagoe's origina--and many
subsequent--post-flashover experiments[2,3]. The equation for VENTILATION LIMIT is presented
in eq (1) where the mass flow rate of air into the room YA H*, isin kg/s.

1

QVL = XAAHc,a"?Ao Ho (1)
QuL Limit of fire heat release rate supportable by a naturally ventilated room (kW)
A Combustion efficiency
A, Areaof the opening (m?)
H, Height of opening (m)
AH_ 4, Fuel heat of combustion per kilogram of air that oxidizes fuel (~3000 kJkg).

3.17.3 Program Notes

It is possible to caculate the dimensions of asingle vent that will sustain the fire burning rate allowed
by severd individua vents each contributing air (oxidizer) to thefire up to the limit supported by their
geometrical Sze. Thedimensions of this equivalent vent are obtainable from eq (3) in Section 3.15.

The equivalent vent dimension approach is not appropriate for use when vents are located at
significantly different elevationsin the wall.

Thisroutineis not applicable to the early times in the growth of a compartment fire when fuel-limited
burning occurs. In this Situation, more than enough air needed to sustain burning passes through the
vent and reaches the fuel

Ventilation limit will calculate the heet released insde the room; however, it is possible that additional

heat may be released outside of the room that is unaccounted for by this procedure. This can occur
if during ventilation limited burning, the fire pyrolyzes more fuel than the air is capable of burning.
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The unburned pyrolyzate will be carried out the vent and may burn in a "door or window jet'
providing that the pyrolyzate concentrations are high enough, hot enough, and sufficient oxygen for
combustion is present

Assuming y, as unity resultsin aprediction for the largest possible ventilation limit fire; this may be
appropriate for design fires used in life-safety hazard analysis.

3.17.4 Program Interface

INPUT

W,  Width of the opening (m or ft)

H, Height of the opening (m or ft)

zZ, Height of the opening (m or ft)

X Combustion efficiency [4]

OUTPUT

Q.. Fireheat release rate as limited by ventilation geometry (kW)

3.17.5 References

[1] Kawagoe, K. D. & Sekine, T., "Estimation of Fire Temperature-Time Curve for Rooms," BRI
Occasionid Report No. 11, Building Research Institute, Ministry of Construction, Japanese
Government, June 1963.

[2] Fang, JB., Breese, JN., "Fire Development in Residentiad Basement Rooms, I nterim Report,”
Nat. Bur. Stand. (U.S.), NBSIR 80-2120, Gaithersburg, MD 20899, 1980.

[3] Babrauskas, V., "COMPF2--A Program for Calculating Post-Flashover Fire Temperatures,”
Nat. Bur. Stand. (U.S.), NBS-TN-991, Gaithersburg, MD 20899, 1979.

[4] Tewarson, A., "Generation of Heat and Chemica Compoundsin Fires,” The SFPE Handbook

of Fire Protection Engineering, Nationa Fire Protection Association, Quincy, MA 02269,
Chapter 1, pp. 186, 1988.
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4 MAKEFIRE

MAKEFIRE is a QU T SYSTEM SETUP FI REFORM MAKEFI RE FI RE SI MLATOR CORRI DOR 3rd
: ROOM
collection of proce- 2444444444440
dures designed not RS A
only to conveniently * WFIRE  *
- - * LOOK-EDI T *
produce/edit  fire  RATES N

filesthat other FPE- BININE

tool modules can

use, but to also _

generate hest release Figure 4.0.1. FPEtool sub-menu for MAKEFIRE

rate histories for

design fires through incorporating appropriate engineering practices. There are 5 procedures within
MAKEFIRE, four that are capable of generating files of heat release rate histories.

4.1 FORMULA
4.1.1 Application

This procedure creates fire files with exponential or power law dependency. The module RATES
can be usad in conjunction with this procedure to provide correlation between “real-world' fires and
the typical power-law rates.

4.1.2 Theory

FORMULA createsfire datafiles by describing three distinct burning phases. growth, steady-state
and decay. In addition to the power law, the growth phase may also be described with an exponential
eqg (2). Ending conditions must be specified for each of the three user-specified burning regimes.
FORMULA will terminate the burning regime when one of the following specifications is met:
maximum time limit, maximum percentage of fuel is consumed, or maximum/minimum hest release
rate.

inre = at” (1)

inre = eﬁt (2)

The decay phase is specified in a manner similar to the growth phase and may be thought of as a
reflection of growth-phase burning.
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Ineq (1), « isthe "growth rate' parameter which has alisting of values for roughly 25 different fuels
inRATES. For decay phase burning, the procedure calculates eq (1) using a negative power-law
integer; however, the user should till enter this decay-phase power-law integer as a positive number
(the procedure will account for the negative number).

Qiire Fire heat release rate (kW)

o Fire growth constant; values for this constant may be obtained from RATES, NFPA
92B and the SFPE Handbook for Fire Protection Engineers [2] (KW/<)

t Time of fire duration since ignition (sec)

n Power-law integer

B Exponential constant (sec?)

4.1.3 Program Notes

Thereisamaximum of 1,500 entries dlotted to each firefile; if the file contains more entries than this
they may not be accepted as a 'valid' FIRE.FIL.

Aslinear interpolation is used between data points in the fire file, the otherwise “saw-tooth' nature
of actual fireswill tend to be "smoothed." Thisis an accepted practice per NFPA 92B [1].

It is possible to specify a fire which outputs more energy than is contained by the mass of the fuel.
Entering the total burnable mass of fuel is a recommended option that help the user avoid this
pitfall.

The fire data files created by FORM UL A use metric units.

A familiar example of a growth phase is the "t-squared' fire where the heat release rate is described
with a power law using an integer of 2 [eq (1)]. The equations are justified on the basis that they
correspond to full-scale fire tests; however, the equations may not justifiably describe the burning
behavior of fuels that are only “similar' to the fuels of the original full-scale tests. An example of a
fuel that is smilar to an item burned in an actua full-scale test is bundled-recycled newspapers
stacked 10 feet high versus filled mail bags stacked 5 feet high [1].

4.1.4 Program Interface
A collage of input screensis assembled in Figure 4.1.1. Theindividua sub-menus appear as they
would to the user of the program, abeit in Figure 4.1.1 every sub-menu screen is presented

simultaneoudly. This ssimultaneous presentation is only for edification purposes, the individud
screens can be identified by the left-hand margins they each maintain.
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CONDI Tl ONS GROMH  STEADY STATE DECAY  DONE
?444444444444444444444444444444444444444440

* NAME OF QUTPUT FI LE FORM FI R
* OUTPUT FREQUENCY ( SEC.) 5

HEAT OF COMBUSTI ON 20 kJ/g

I NIl TI AL RATE OF HEAT RELEASE 0 kW
TOTAL BURNABLE MASS Kg 100

-223313313333133333333313333333333313))I))))-

CONDI TI ONS GROMH  STEADY STATE
244444444444444444444444444444444444440
THERE IS A GROMH PHASE

FORMULA TYPE: Q = aT*n (PONER CURV)
FI RE GROMH CONSTANT a : .0117

FI RE GROMH EXPONENT (n): 2

ENDI NG CONDI TIONS ¢
-32331333133133313313333133333333))))))-
6444444444444444444444444444444444444444044447
5 DURATI ON NOT SPECI FI ED

5 PRESET BURNI NG RATE NOT SET

5 CALCULATED MAX BURNI NG RATE: 20000

5 ENDON1OCF1

5 DONE
9444444444444444444444444444444444444444444448

*oF X X X

*ox %

?
2

DONE

*

*ox X X
o+ X X X

aaaoa

CONDI TIONS  GROWMH STEADY STATE DECAY  DONE
?44444444444444444444444444444440
* THERE | S A STEADY STATE PHASE *

* TI ME 100 =
* % MASS CONSUMED 66 *
* TIME OR MASS SELECTED *

-2233133313313333331333330)3))))-

CONDITIONS ~ GROWIH  STEADY STATE ~ DECAY  DONE
PA4444444444444444444444444444444444440
* THERE |'S A DECAY PHASE
* FORMULA TYPE: Q = aT”n (POWER CURV)
THI'S OPTION I'S NOT ACTI VE
FI RE DECAY CONSTANT a : .0117
FI RE DECAY EXPONENT (n): 2
ENDI NG CONDI TI ONS ¢

-2233133313313331331333133333333))))))-
644444444444444444444444444444444444447

o X X % %

*ox X X

5 TIME NOT SPECI FI ED 5
5 END PO NT AT RHR kW 3 5
5 % MASS CONSUNVED 100 5
5 END ON 2 OF 3 5
5 DONE 5
Q4444444484444 444444444444444444444448

Figure 4.1.1. FPEtool sub-sub-menu for MAKEFIRE'sFORMULA.

INPUT

Name for output file Valid DOS filename; the "*.FIR' extension is automatic.

Output frequency Interval that datais written to output file (sec)

Heat of combustion Effective (chemical) heat of combustion (kJ/g or BTU/Ib,,)
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Initial rate of heat release Heat release rate at t=0 seconds, default = 0.1 kW
Total burnable mass Fuel mass (kg or 1b,)

GROWTH PHASE
Power la\N"Qﬂre =at’
Growth rate, o [1] (KW/<?)
Fire growth exponent, n
Exponential--Q;, = e
Fire growth constant, B (sec?)

ENDING CONDITIONS for GROWTH PHASE

Duration ()
Preset burning rate (kW)
Calculated max burning rate
Projected fuel area Fuel footprint from a plan (m? or ft?)
RHR per unit area Fire heat release per unit area of fuel projected (kW/m2,, or
BTU/S/t%,,)
End on nof m The growth phase may terminate upon 1 or 2 out of a

maximum of 2 stipulated conditions (these conditions being a
duration or a preset burning rate).

STEADY-STATE PHASE
Ending Conditions
Time (9
% mass consumed Percent total mass consumed after steady-state burning

DECAY PHASE
Power-law Qy;, = at"
Fire decay constant, o (kW/<?)
Fire decay exponent, n
Exponential Q. = €™
Fire decay constant {3 (sec?)
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ENDING CONDITIONS FOR DECAY PHASE

Duration ()

Preset burning rate (kW)

% mass consumed Percent total mass consumed after steady-state burning

endonnof m The growth phase may terminate upon 1, 2 or 3 of a maximum

of 3 stipulated conditions (these conditions being a duration,
preset burning rate or % of mass consumed).

OUTPUT

Time (9

Rate of heat release Fire heat release rate (kW)
Rate of massloss (9/9)

4.1.5 References
[1] Nationa Fire Protection Association, NFPA 92B, Quincy, MA 02269-9101, pp. 28-30, 1991.

[2] Evans, D., "Ceiling Jet Flows,” The SFPE Handbook of Fire Protection Engineering,
National Fire Protection Association, Quincy, MA 02269, pp. 1-138 to 1-145, 1988.
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4.2 FREEBURN
4.2.1 Application

This procedure, like severd other proceduresin MAK EFIRE, creates afire file that can be imported
to other FPEtool procedures. What makes FREEBURN unique among fire-file generation
proceduresisthat the procedure calculates the heat release rate. Up to 5 independent fuels may be
combined in the resulting heat release rate. Only one fuel must be designated as initialy burning.
Piloted- and auto-ignition of target fuels can be predicted from radiative heating; the target fuels
must be located outside of convectively heating flow field.

4.2.2 Theory

There arethree ignition criteria: surface temperature, radiative flux, and exposure time. In addition
to ignition criteria, the procedure dso considers the fuel separation distance, the width of the burning
fud items, the radiative fraction of the fuel heat release rate, and the thermophysical properties of the
non-burning fuels.

Thetarget fuels:
The easiest method to use, but one that requires expert judgement, casts the ignition criteriain terms
of exposure time. The user smply identifies the time that is to elapse before burning begins.

3" > Qemission.(t)
Qincident,target(t) =y —2J (1)
-1 4m rj—target
rj—target = )S—target * Wj/2 (2)

Choosing an incident radiative flux is the second easiest method--in terms of computational time--for
determining whether ignition of the target will occur. Ignition can occur when the combined radiative
flux from al sources exceedsthe critical incident flux of the target fuel. The critical incident flux for
ignition of the non-burning fuel is given by the user. Guidance on what constitutes appropriate flux
levels for particular fuels may be found in procedure RADIANT IGNITION of a NEAR FUEL,
Section 3.12. The combined radiative flux from the flames are summed per eq (1). The distance from
the center of the flame to the target is expressed as 1, ., in €9 (2) or asthe Separation distance in
Figure4.2.3. In eq (2) I g 1S the sum of the distance between objects, (X, ,qe) PIUS the haf-width
of the burning fuel, w/2. The incident radiative flux at the target fuel is that fraction of the all
radiative emissions from all flames that is received upon the target surface divided by the exposed
target surface area. This fraction decreases as the square of the separation distance. The rapid
decline of thisfraction is a consequence of idealized radiative emission--uniform dispersal of energy
across the surface of concentric spheres centered about the point source. Asthe target fuel is placed
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at greater distances from the flames, the spherical surface area onto which the same amount of
emitted power is dispersed increases as 4nr?, thisisthe origin of the denominator in eq (1). Qgpisson
; isthe fraction of heet release rate produced by source, j that is radiatively dispersed. Qgissonj ISthe
product of the fire heat release rate and the fire's radiative heat release fraction, x.

|

! A . S
Tsurface(ti) = Tsurface(to) + : Il Q'”C'de”t,target( )dS

\/TlikpCV 0 t -9

3)

Calculating ignition time by specifying a surface temperature
capable of sustaining ignition is the most time consuming of
three ignition criteria choices, but this choice also considers
more fuel properties. The method however, is not without
assumptions (see Section 4.2.3). The computations in eq (3)
are based upon an energy balance. The energy baance is
applied to a control volume that includes the exposed target
surface and extends to an arbitrary depth below this surface.
The actual depth of the control volume is relative, aslong as
the target remains thermally thick (see Section 3.16.2). The
energy incident upon the surface of the target fuel is calculated
from eq (1). Energy leavesthe surface control volume by one-
dimension heat conduction into the fuel. The energy remaining
in the control volume heats the target fuel and raises the Figure 42.1. lllustration of fuel
surface temperature. These three energy terms are combined, —Package geometries for FREEBURN
in a simplified manner, according to conservation of energy

rules to produce eq (3).

Isometric View

Plan View FREEBURN Internal
Representation
b
]
i 2
Fuel package 2 o
—d—
L Fuel Sep: 1-2 Sep: 2-3
! Package 3 ¢
Fuel Package 1
10\
Sep: 1-3 03
Figure 4.2.2. Fue package widths for Figure 4.2.3. FREEBURN internal repre-
FREEBURN sentation of fuel package separation distances
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The cdculation proceeds by determining the integral in eq (3) for increasingly larger times until the
right-hand side of the equation equals the specified ignition temperature (T(t;)). Thetime of ignition
(t) is determined when the surface temperature, T, equals the user-specified ignition temperature.
The effect thermd inertia (kpc,) has on the time to ignition, given that incident radiation is constant,
isto reduce time to ignition with decreasing thermal inertia

Theradiating fuels:

The user specifiesafire width for itemsindicated to be initialy burning. Thiswidth is divided in half
by the procedure and designated, w;/2, the distance from the assumed point source of the fire to the
edge of the burning object. To illustrate these parameters, Figures 4.2.1 - 4.2.3 were presented. In
Figure 4.2.2, the user can enter awidth of “a for fuel package 1, awidth of (4a:b/m)"? for package
2 (representing the diameter of a circle with equivalent area), and a width of 1 mm (representing a
wall-fire flame sheet) for package 3. Figure 4.2.3 illustrates how FREEBURN considers user-speci-
fied separation distances.

Asthesze of an actud fireincreases, the fire area usually increases too. FREEBURN accounts for
agrowing fire area by assuming a 1100 kW/m? (100 BTU/g/ft?) burning rate [2]. This burning rate
flux, when divided into the fire heat release rate, yields afire area. FREEBURN proceeds through
atwo-step process to arrive @ its estimate of the distance from the edge of the burning fuel to the
assumed flame point-source [parameter w/2 in eq (2)]. First, FREEBURN takes the minimum
radius from the area determined by ether the preceding method or the user-specified fuel width. This
radius is then limited to no greater than 0.5 m (1.64 ft). This half-meter limitation reflects the
assumption that larger fires are opticdly thick and the flames will not allow radiation to pass through
longer pathlengths.

After afud item ignites, the heat release rate for that item proceeds according to the fire file. When
more than one item is burning, the total heat release rate of all firesis the addend of the actual heat
release rate of dl individual fires.

a Dimension of an arbitrary fuel item (m)

b Dimension of an arbitrary fuel item (m)

C, Target fuel heat capacity (kJ/(kg-K))

k Target fuel thermal conductivity (kW/(m-K))

Q ridert, terger(t) Tota incident radiative flux from all burning fuels (kW/nm?)

Q arision, Radliative component of burning fuel's heat release rate (KW/m2)

I target Distance from the center of burning fuel to the edge of the target fuel (m)
S Dummy variable of integration

t Time ()

t; Time at ignition ()

T rrace(t) Surface piloted-ignition temperature (K)

T outace(to) Surface initial temperature (K)

X Distance from edge of the burning fuel to the edge of the target fuel (m)
W, Width (or equivaent diameter) of the burning fuel (m)
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P Target fuel density (kg/m?)

4.2.3 Program Notes
Thereisno burning rate enhancement, once an item is “ignited,’ it burns as described in the firefile.

Items are assumed to be circular with an effective point of radiative emission located at the center of
thiscircle. Thedrcleareaisinitially determined from user specifications, but the FREEBURN can
increase this area up to a radius of 0.5 m based upon an assumed heat release rate flux of 1100
kW/mz.

Auto-ignition may be predicted with this method as well. To accomplish this prediction, the target
fuel auto-ignition temperature should be substituted for the piloted-ignition temperature. Values of
fuel auto-ignition temperatures can be found in handbooks (see Section 1.4).

Specifying time is a zeroeth-order criterion for estimating ignition, but a useful tool nonetheless for
corroborated fire reconstruction work.

The incident energy flux is a first-order criterion for estimating ignition, it works similar to
RADIANT IGNITION OF A NEAR FUEL.

The surface temperature is a second-order criterion for estimating ignition. This calculation considers
the fuel to be a semi-infinite dab experiencing heat loss from the radiatively heated surface by one-
dimensiona conduction into the interior. Thereis no convective cooling modeled from the heated
surface of the target fuel, nor is there consideration of emissive, reflective or transmittive radiation
from or through the fuel.

Asheat transfer between burning and non-burning itemsis via radiation, a path must exist between
source and target fuel items for light to travel upon. This path may involve direct line-of-sight, as
reflection and transmittance are not modeled.

It is recommended that when possible, values for kpc, and T, be obtained from the same
experiment [3].

Eq (1) is more accurate as the distance from the burning fuel item to the target fuel item, r;
increases; this coincides with the assumption of a point-source radiation term. Where the ratio of
the distance to the target, I, ., Over theradius of thefire, r;, islessthan 10, asmall error exists. The
errors are such that the actua hesat flux from the burning fuelsis greater than that ssimulated with the
point-source assumption of FREEBURN. The magnitude of the error is no more than 7% for values
of this distance ratio that are as small as 2.0 [1].

| gnition by surface temperature cal cul ation assumes the fuel surface does not emit or reflect radiant
energy, nor doesthe fuel material transmit any radiation through its contents. All incident energy is

absorbed. For black-body fuels with piloted-ignition temperatures of 300 °C, roughly 6.5 kW/m? of
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radiant energy emitted from the fuel surface isignored.

Ignition by surface temperature calculation assumes the fuel control volume is heated as a semi-
infinite slab receiving one-dimensional heat conduction. Heat losses from the fuel edges are not
assumed. In some smulations with long ignition times, the temperature pulse into the fuel can reach
the back surface. This penetration time can be calculated from eq (9) in Section 3.16. The
implications of predicting ignition after the penetration time are dependent upon the boundary
conditions at the back surface and the magnitude of the incident flux. For smulations where the
incident radiative energy brings the target fuel surface temperature near--but not above--the ignition
temperature, an insulated back surface can result in actual exposures igniting that will not be
predicted by FREEBURN. This argument, however, does not consider the cooling influences of

target fuel surface reradiation.

4.2.4 Program Interface

The main
user-input
screen for
FREEBURN
appears in
Figure 4.2.4;
other menu
screens  exist
for  defining
the ignition
criterion. An
explanation of

the input parameter names is provided below and in the three figures of Section 4.2.2.

INPUT

Use arrow keys to nove cursor to the itemto be edited,

[Press F10 to change data set] W DTH (mm ) | GNI TED AT START (Y/
RADTN (%
BURN FI LE | CRIT. IGN
FUEL PACKAGE NAME NAMVE | | SEPARATI ON (mm )
| | 1 2 3

CHAI R MODERATE 750 35 0

SOFA FAST. FI 1950 35 0 600

WALL UFAST. FI 1 35 0 2000 900 750

NULL NONE 0 35 0 0O 0 ©

NULL NONE 0 35 0 0O 0 O

A WNPE

\%

Fuel package name

Burnfile name

Width

Radtn %

Critical ignition criteria
1) Ignition time
2) Ignition energy

val ue and press Return (Enter) or F1 for help.

POSI TI ON THE CURSOR HERE AND PRESS ENTER WHEN DONE EDI TI NG
Figure 4.2.4. FPEtool sub-menu of the FREEBURN procedure

Text for user's edification only

then type new

4

0

zZzz<z————2Z2

Valid DOS file name. These files are produced in MAK EFIRE.

Width (or equivalent diameter) of the burning fuel (mm or in.)

Percentage of the actual fire heat release rate dispersed viaradiation

3) Ignition Temp.
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User specifiesa "1, "2, or “3' depending upon definitions below
Time when ignition is prescribed to begin (9)
Total incident flux from all burning fuels igniting target (kW/mg?)



kpc
T

ignition
Separation

Ignited at start
Dataset file name

Output file name

Output file description

Time limit

Display interva

OUTPUT

Time

Rate of heat release
Rate of mass loss

Graphical Output
inre
rhfire

425 References

Fuel thermal inertia (KW2g/(m*K?2))
Fuel auto- or piloted-ignition temperature (°C or °F)

Shortest distance between fuel items (mm or in.)

Indicatesif fuel is burning at start of the smulation

Valid DOS name for the FREEBURN input dataset file (.DAT)
Valid DOS name for the FREEBURN output firefile (FIR)

Text string for user identification only

Maximum time for the simulation to continue calculating (s)

Interval at which output is written to the video display and printer (if

so activated). Fire output file update is different; it occurs each
second (S)

()

(kW)

(9/s)

(kW)
(9/s)

[1] Modak, A. T., "Thermal Radiation from Pool Fires,” Combustion and Flame, 30,252-265,

1977.

[2] Nelson, H.E., "FPETOOL.: Fire Protection Engineering Tools for Hazard Estimation,” Nat.
Inst. Stand. Tech. (U.S.), NISTIR 4380, Gaithersburg, MD 20899, 1990.

[3] Quintiere, JG. "A Smplified Theory for Generalizing Results from a Radiant Panel of Flame
Spread Apparatus,” Fire and Materials, Vol 5 (2), pp. 52-60, 1981.
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4.3 LOOK-EDIT
4.3.1 Application
LOOK-EDIT provides the user with a method to examine and change existing fire files (files with
* FIR extensons). The utility of this procedure laysin its provision for quick, visual examination of
fire files for appropriate shape and trends as well as correct heat release rate at peak values and
endpoints. The function may used to edit fire files line-by-line.
4.3.2 Theory
There is no mathematical theory. This procedure contains only instructions that allow the user to:
pick afirefile (*.FIR) for editing,
display thefirefile as text,
add, modify and delete points on a line-by-line basis,
edit the file description,
make changes to the file permanent, and
graphically examine the firefile.
4.3.3 Program Notes
This routine creates a DOS compatible firefile.
The 3 columns of data must terminate with a line containing -9,-9,-9.
The numerica output consists of only 3 columns of data; (time in seconds, HRR in kW and pyrolysis
ratein g/s). At the bottom of the three columns of data are two text lines. The first line contains the
file name and date; the second line contains user-specified text up to 40 characters in length that can
be used for describing thefile.
4.3.4 Program Interface
INPUT
Time Time associated with the actual heat release rate and fuel pyrolysisrate (s)

Heat release rate Fire heat release rate (Qy;,) a time specified in previous line (kW)

Pyrolysisrate Fuel pyrolysis rate associated with time on the first line Q;,JAH,; (9/9)
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OUTPUT

Tabular Tabular display of the three column of data (time, Qy,., and )
Graphical Graphica display of the heat release rate versus time
File Allows the user to copy an existing fire file to afile of a new name.
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4.4 MYFIRE
4.4.1 Application

This procedure creates a ‘fire' file. This fire file may be imported to other simulation procedures
within FPEtool (e.g. UPPER LAYER TEMPERATURE, FREEBURN, FIRE SIMULATOR...).
The routine contains no significant equations. It simply provides the user with the capability of
designing afire by entering a series of discrete points linearly approximating afire history.

4.4.2 Theory

The input is arranged to allow the user to enter data in terms of either heat release rate or fuel
pyrolysisrate. The fuel's heat of combustion is then used to calculate the unspecified parameter.
_ inre

r'hpyrolysi s AH

D

c, fuel

If only one parameter is specified in the input selection (see the first two optionsin Section 4.4.4),
then the AH, (kJ/g) is calculated from an engineering method [1] that considers the percentage of
wood contained in the fuel (eq 2).

AH_ ., - (100 - %Cellulosic) +32.6 %2 + (% Cellulosic) + 16.3% @
’ g g
AH, Heat of combustion (kJg)
Qrire Fire hesat release rate (kW)
Myroyss Fuel pyrolysisrate (g/s)
% Cellulosic Mass % of fuel composed of wood products

4.4.3 Program Notes

Congtant heat of combustion (AH,) isassumed. Thisis not always the case, even with homogeneous
fuels, but the variation is generally small.

Estimation of AH_ isafirst-order approximation. Certain plastics have heats of combustion lower

that of cdlulosics; examples include polyethylene blends that contain more than 36% chlorine by mass
and polyvinyl-chloride.
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4.4.4 Program Interface
INPUT
Choose one of the following modes:

g only (rate of heat release)

% of FREEBURN cdlulosic fud Used to estimate AH,

File namefor .FIR file Vaid DOS name for the firefile
Text description of fire < 80 characters

Time (9

Heat release (kW)

m only (rate of mass |0ss)
% of freeburn fuel that is cellulosic Used to estimate AH,

File namefor .FIR file Valid DOS name for thefirefile
Text description of fire < 80 characters

Time (9

Mass loss (g/sor Ib,/min)

g and m (rate of heat release and rate of mass |0ss)

File namefor .FIR file Valid DOS name for thefirefile
Text description of fire < 80 characters

Time (9

Heat release (kW)

Mass loss (g/sor Ib,/min)

g and Hc (rate of heat release and heat of combustion)

File namefor .FIR file Vaid DOS name for thefirefile
Text description of fire < 80 characters

Time (9

Heat release (kW)

Heat of combustion (kJgor BTU/Ib,)

m and Hc (rate of mass loss and heat of combustion)

File namefor .FIR file Vaid DOS name for thefirefile
Text description of fire < 80 characters

Time (9

Mass loss (g/sor Ib,/min)

Heat of combustion (kJgor BTU/Ib,)
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OUTPUT

Time ©)
Rate of heat release (kW)
Rate of massloss (9/9)

445 References

[1] Nelson, H.E., "FPETOOL.: Fire Protection Engineering Tools for Hazard Estimation,” Nat.
Inst. Stand. Tech. (U.S.), NISTIR 4380, Gaithersburg, MD 20899, 1990.
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4.5 RATES

45.1 Application

This procedure does not create a “fire," but rather contains data from experimentally measured fires
that provides the user with numerical values for the “fire growth rate parameter (o) of FORMULA.
45.2 Theory

Thislist was assembled by Nelson [1], and isincluded in NFPA 92B [2].

4.5.3 Program Notes

The rates are a compilation of empirical equations “curve-fitted' to experimentally recorded heat
release rate histories of numerous fuel items[2].

The rates described herein may not necessarily represent the burning behavior of items with similar,
but not identical, characteristics of the original fuel.

4.5.4 Program Interface

INPUT -- none

OUTPUT

kW/m? of floor area  Fire heat release rate per floor area covered by fuel (kW/m?)

Growth Rate Fire growth rate parameter; see o in Section 4.1.2 (kW/<?)

Fuel Description Text provided by the user

455 References

[1] Nelson, H.E., "Fire Safety Evaluation System for NASA Office/Laboratory Buildings,” Nat.
Bur. Stand. (U.S.), NBSIR 86-3404, Gaithersburg, MD, 1986.

[2] Nationa Fire Protection Association, NFPA 92B, NFPA, Quincy, MA 02269-9101, pp. 28-
30, 1991.
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5 FIRE SIMULATOR

5.1 Application

This procedure consists of a single-room, two-zone, mathematical model ssimulating the effects
created by pre- and post-flashover fires within aroom equipped with a sprinkler, heat and/or smoke
detector and having multiple ventilation options. The procedure is designed to provide easy-to-
obtain, quick answers for fire safety professionals.

The following effects are incorporated within the model:

temperature and smoke properties (02, CO, and CO gas concentrations and optical density)
heat transfer through room walls and ceilings

sprinkler/heat and smoke detector activation time

heating history of sprinkler/heat detector links

smoke detector response

entrainment of hot smoke into ceiling jet for sprinkler activation calculations
celling jet temperature and velocity history at specified radius from the fire
sprinkler suppression rate of fire

time to flashover

post-flashover burning rates and duration

doors and windows which open and close

forced ventilation

In addition, the following fire features were provided:

fire files can be created at time of data entry

fire files can be imported with “point-and-click' operation
post-flashover ventilation-limited combustion

variable lower flammability limit

variable smoke emissvity

generation rates of CO/CO, pre- and post-flashover

The user may aso hdt the program at any user-specified time, and after sprinkler activation, and after
smoke detector activation. In addition, the program will halt at flashover. At each of these halts the
user may change the ventilation specifications.

5.2 Theory

FIRE SIMULATOR calculates the development of the smoke layer with the same two ordinary

differentid equations ASETBX uses. FIRE SIMULATOR builds however, upon ASETBX by
considering the following features:
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flashover

neutral plane, smoke layer interface and vent mass flow rate
removal of upper layer air by mechanical ventilation
entrainment

fire dimensions (diameter, elevation)

combustion chemistry, pre-flashover

combustion chemistry, post-flashover

post-flashover burning rate

carbon monoxide generation

sprinkler suppression

smoke detector activation

heat |osses from the smoke to the compartment barriers

5.2.1 Flashover Definition

Flashover is "...generally defined as the transition from a growing fire to a fully-developed fire that
involves al combustible items in the compartment' [22]. Flashover is a sufficiently complex
phenomenon such that no single measurement is universally associated with its occurrence [7]. Itis
a distinct enough event though--that when observed--viewers can settle on the timing of its
occurrence. Visually, flashover coincides with what is seen to be the spontaneous ignition of all
combustible fuels within the room of fire origin. Flashover in aroom with an open door drives the
smoke layer towards the floor and large quantities of this smoke, if not flames, issue from the door,
often in a pulsing manner. FIRE SIMULATOR assumes flashover occurs when the smoke
temperature exceeds 600 °C (1112 °F).

5.2.2 Neutral Plane Location and Smoke Layer Interface

The neutra plane location is the level where pressure inside the ventilation opening equals the
pressure outsde the ventilation opening. The smoke layer interface is the level where the bottom of
the smokeisfound. The distinction between the two isthat the neutral plane is measured at the vent,
while the smoke layer interface can be measured amost anywhere in the room. The smoke layer
interface is a characteristic value representing the average smoke level.

FIRE SIMULATOR does not allow the neutral plane height to fall below the smoke interface
height. The neutra plane height is determined after the smoke-interface height. The smoke layer is
determined per egs (2) and (3) of the ASETBX ROOM MODEL. The neutra plane location,
however, is determined per egs (1) and (2) below. It is based upon a wide variety of numerical
experimentswith MASS FLOW THROUGH AN OPENING that showed the neutral plane to be
fairly insenstive to vent geometries. The parameter, N represents that fraction of the opening filled
with smoke, as measured from the sill.

N = (T - 38°C) = 0.00016 + 0.51, when T < 538°C (1)
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N = (T - 538°C)*0.000036 + 0.59,  when T > 538 °C @

5.2.3 Vent Mass Flow Rate %

Once the neutral plane location is
calculated, the vent mass flow rate
is determined using eq (4) of
Section 3.10. The natural ventilated
flow rate is limited though, by the

geometry of the vent. Thislimitar  «—oOusside opening 2 B

tion is caculated per the equation in Inside opening  ———
Section 3.17. There can be two

openings ventilating smoke in FIRE Opeing it

SIMULATOR. Onevent isdesig-
nated "Insde Opening' and the other
"Outside Opening' (see Figure
5.2.1). The smoke volume, mass ‘ |

Room length and/or width

and enthalpy flow rates through Figure 5.2.1. FIRE SIMULATOR geometrical descrip-
these ‘Insde and “Outside tions

Openings are presented in the

program output file described in

Section 5.4 under OUTPUT.

5.2.4 Entrainment

Entrainment is the phenomenon whereby a stationary fluid or gas is drawn into a current of fluid or
gas moving through it. As entrainment proceeds, the downstream current expands in what is called
aplume (Section 3.1.2). Plume entrainment is divided into two regions separated by the mean flame
height (see Section 5.2.5). Below the mean flame height, entrainment is calculated by eq (3); above
the mean flame height eq (4) isused. Both of these entrainment correlations use a point-source fire
assumption. If afire occupies a finite area, this area can affects the amount of entrainment. The
point-source plume model [18] compensates for this simplification with the “virtua origin'(z,)
concept. Thevirtud originis often located below the elevation of fires having small heat release rates
and large-areas, and above the devation of fires having high heat release rates. The virtual origin can
be visudized as the apex of a cone whose surface is formed by the rising, expanding contour of the
smoke-filled plume. To determine the virtual origin position one moves its location up or down until
the cross-sectional area of the plume superimposes the burning area of the fire. Some assumptions
are made in this determination. First, the rate of plume expansion is 15° degrees from the vertical
(Figure 3.1.0). Second, that an equivaent, circular pyrolysis area of diameter, D, may be determined
by assuming a constant pyrolysis flux rate ().
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rﬁentrajned
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Myyraineg = 0-071Q5 (z - 2)3[1 + 0.026Q, (z - ) I (4)

5.2.5 Fire Dimensions: Diameter, Virtual Origin and Flame Height

Thefire diameter, virtua origin and flame height calculations are only exercised pre-flashover. The
fire diameter (D) is obtained by using a pyrolysis flux rate representative of wood [10]. The heat
release rate per unit areais 1100 KW/m? [100 BTU/(ftzs)]. The virtua origin [eq (6b)] is obtained
from Heskestad's correlation [19] and was derived from previous work on flame heights. Flame
height [eq (6d)] is obtained using another Heskestad correlation [16]; it represents a mean flame
height. The mean flame height is that elevation where flames appear 50% of the time. This height
is somewhat greater than estimates obtained by eye [16]. The mean flame height correspondsto a
temperature of 500 °C; 800 °C isfound at the top of the continuous flames [20].

n L
D - 2(—1)? ®
m"
2
z,... = 0.083Q° - 1.02D (62)
2
z, = -1.02D + 0.083Q;, (60)

5.2.6 Compartment Combustion Chemistry, Pre-Flashover

The burning rate of afuel inside a compartment may be enhanced by energy feedback from the hot
smoke, but FIRE SIMUL ATOR and most other zone models do not account for this effect. FIRE
SIMULATOR can however, account for a reduction in fuel burning rate due to lack of oxygen
avalability. Thefud burning rate is defined as the rate at which gaseous fuel particles (pyrolyzates)
combine with oxygen and are converted into ‘normal’ combustion products. FIRE SIMULATOR
assumes CO, and H,O are norma combustion products.

Oxygen Calorimetry:

Oxygen is consumed in the combustion process through combination with pyrolyzates. The rate that
oxygen combines with pyrolyzates--per quantity of heat released by the fud--is fairly constant (13,100
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kJkg O,) for awide variety of fuels. For this wide variety of fuels (notable exceptions being CO,
HC=CH and H,C=CH,), a conservation of mass balance on oxygen provides a means of calculating
the fire heat rdlease rate. This calculational method is called “oxygen depletion calorimetry' [9] and
isused in FIRE SIMULATOR to determine when insufficient oxygen prevents combustion of all
pyrolyzates. (The pyrolysisrate is stipulated in the fire input file). Oxygen molecules from plume
entrained air, the upper layer, and the mechanical ventilation system are respectively included in the
oxygen mass balance. If insufficient oxygen is available for complete combustion then the fire heat
release rate is limited according to what the available oxygen can support.

Lower Flammability Limit: (LFL):

There are two properties regarding oxygen that are necessary to maintain combustion, the total
available mass (as discussed in the previous paragraph) and the concentration. The importance of this
latter property becomes clearer when considering a match burning in alarge warehouse. There may
be more than enough oxygen within the confines of the warehouse to support complete consumption
of the match, but the oxygen could be dispersed in such dilute concentrations as to be ineffective at
sustaining aflame.

The LFL is one method of addressing when oxygen concentrations become too low to support
combustion. Strictly speaking, the LFL applies to premixed, not diffusion flames. However the
concept has enough versatility to have been successfully used in previous editions of FPEtool, as well
as other 2-zone fire models (CFAST [15], FIRST [14]). The LFL isarather insensitive function of
fuel type in resdentia/office environments owing to the predominance of wood and plastic fuels. The
LFL is sengtive to temperature though, and FIRE SIMUL ATOR models this phenomenon through
eq (7). At ordinary room temperatures the LFL is assumed to occur below 10% oxygen by volume.
At higher temperatures, such as post-flashover, the increased reaction efficiency is simulated by
dropping the LFL to 2% oxygen by volume.

(LFL, - LFL;)
ey (T T LRy (7)

LFLo, = max(LFL, -

When, where and how FIRE SIMULATOR determines the fire heat release rate is a multi-step
process. The rules used to caculate the heat release rate are (like the processes in nature)
interdependent, yet remain a simplification of a complex process. First, FIRE SIMULATOR
determines whether the hesat release rate--as stipulated by the input fire file--is fuel-limited or oxygen-
limited. The fuel-limited heat release rate is smply the value from the input fire file. The oxygen-
limited heat release rate is obtained from oxygen calorimetry of available oxygen. The limiting heat
release rate is then used as the source term, Q in the coupled-differential egs (2) and (3) of ASETBX
ROOM MODEL.

Oxygen availability is determined differently in the pre-flashover regime than in the post-flashover
regime. Pre-flashover, an oxygen mass balance is conducted on three control volumes. First, oxygen
is sought from the ambient air entrained into the fire plume. If insufficient, then oxygen is sought
from that contained in the upper, smoke layer. Two conditions are checked before oxygen from the
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smoke layer is used to support combustion. Firgt, the mean flame height must extend into the smoke
layer, and second the oxygen concentration must be greater than its LFL for that temperature. If the
oXxygen available in the upper, smoke layer is insufficient to complete combustion, then oxygen is
sought from the mechanica ventilation system. If the available oxygen is still insufficient then the fire
heet release rate is limited to that what is sustainable. Post-flashover, available oxygen is sought from
two sources. The first source is from air drawn through the natural vent openings (Section 3.17
VENTILATION LIMIT) and the second source is mechanical ventilation. No plume is modeled
post-flashover; the smoke layer is driven down dmost to the floor and gases are assumed well mixed.
The fire is extinguished if the heat release rate is less than 0.1 kW for more than 5 consecutive
seconds.

Oxygen concentration in the smoke layer is computed using mass conservation eg (8). Oxygen mass
into the smoke-layer control volume comes from the plume [eq (10)]. Mass out of the smoke layer
leaves ether through the inside or outside opening (Figure 5.2.1) or mechanical ventilation duct [eq
(11)]. No oxygen generation is assumed eq (12); oxygen depletion is accounted for with eq (13).

d[mg] rateof O, mass _ rateof O, mass

= - 8
dt mOz,m mOz"’“t ’ Generation Depletion ®)

d[moz] _ mOZ,t+At - moz,t

dt (t+Af) -t ®)

. kg O,
moz,in - r'hentrajned’ko'zgkg air (10)
moz,out - rhOz,natural vents © moz,mechanicaj vents (11)
rate of O, mass
. = 0.0
Generation (12)
rateof O, . kg O,

220, (— 2 13
Depletion el 13,100 kJ) (13
Carbon Monoxide Generation:

FIRE SIMULATOR congdersthe fud be a generic composite of plastic and wood; this presumed

mix represents fuels present in most office/residential/commercial occupancies. From this fuel
mixture, combustion is assumed to produce 50 % molar product water and 50 % molar product
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carbon species. The two carbon species of combustion that FIRE SIMUL ATOR accounts for are
CO, and CO.

(100 - 0,% - N,%)

CO& CO, Volume% = . #[1+ (061%1 - A H, FACTOR] (14)
_ N AH_ - 17,000
AH_ FACTOR = maximum(0, minimum(l, ————)) (15)
17,000
Molar Generation ~,CO & CO Moles Xcoco, | Qjre
= ( 2) * ( ( ) 16
Rate of CO Volume% Pyrolyzates 1+ Xeoco, AH, (16)
Molar Generation  CO & CO Moles 1 Qiire
= ( 2) * ( ( ) 17
Rate of COZ Volume% Pyrolyzates) 1 + XCO/COZ AHC ( )

While the ratio of carbon atoms predicted to form CO versus those atoms predicted to form CO,
(Xcorco) 1S calculated from auser input (see CO/CO, molar ratios in Sections 5.4.1 and 5.4.2), the
number of total carbon atoms formed from combustion is calculated from the oxygen depletion level.
This fact is seen from eq (14) where the N, concentration is assumed to be constant at 79%. The
remainder (21% - O,% is divided by 2 to account for the half molar product of water. Carbon
monoxide is not a significant product of complete combustion and only aminor constituent in the pre-
flashover burning regime, nonetheless is considered because it is highly toxic and generated in lethal
concentrations post-flashover. The reasons for higher CO generation in post-flashover appear to be
thermodynamic; higher temperatures and reduced oxygen concentrations in the post-flashover regime
favor CO production ratesto those in pre-flashover. Current research work in this areais continuing
[21,12,13]. The default values for the CO/CO, molar ratio parameter (% cocob represent best
estimates for composite fuels[11].

5.2.7 Post-Flashover Burning Rate

In pre-flashover, when the fire size is limited it usualy due to a lack of available oxygen from a
shortened plume. The plume is shortened by the descending smoke layer. In post-flashover the fire
size is aso limited by the available oxygen, but the cause is due to alack of ventilation area, not

plume entrainment. The ventilation limit imposed on the heat release rate is described in
VENTILATION LIMIT (Section 3.17) and eq (21).

Post-Flashover Duration:

The post-flashover duration is determined before FIRE SIMUL ATOR beginsthe first post-flashover
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time-step. The first assumption is that all exposed fuels will burn. The post-flashover burning
duration is divided into three regimes[10]. The parameters available to the user for influencing post-
flashover duration are: fuel thickness, fuel load density, fuel orientation (whether vertical or
horizontal), the percentage of fuel burned and the heats of gasification (L) and combustion (AH,).
The digtinction between horizontal and vertical fuels merely serves as a useful categorization to the
user; there is no advantage assigned to fuel orientation within the ssimulation.

After recalving user-specified, post-flashover inputs, the program cal cul ates the flashover duration.
These calculations proceed in successive steps, looking at the first 300 seconds, the next 900 seconds
and finally an open-ended time frame. Post-flashover will last 300 seconds if any fud thicknessis
described with a dimensiona thickness less than or equal to 6.4 mm (1/4 inch). Post-flashover will
last 1200 seconds if any fue dlotment has adimensional thickness greater than 6.4 mm and less than
254 mm (1 inch). For fuelsover 25.4 mm thick an open-ended duration is calculated per (19). The
term, Q. N €q (19) is determined from eq (22) where Qq 4 14 IS determined from eq (20). The
post-flashover fuel burning rate is the lesser of the fuel-limited eq (18) or the vent-limited eq (21)
burning rate.

Post-Flashover Heat Release Rate (Qy;,o):

The rate of heat released by the post-flashover fire depends upon the user specified and model
calculated parameters appearing in egs (18), (20) and (21). The parameters available to the user for
influencing the post-flashover heat release rate are the heat of gasification (L), the heat of
combustion (AH,), the amount of exposed fuel area (Ares;,.) and the ventilation opening sizes. These
may be changed at the flashover halt. The parameter that the user can not ater is Q' ;up the
combined radiative and convective heat flux onto the unburned fuel from the fire. Q' 4y IS 80
kW/rm? during ventilation limited burning, 60 kwW/m? during fuel controlled burning. From eq (18),
it can be seen that the fuel-limited, post-flashover heat release rate (Q;,,) can differ among each of
the three regimes due to differencesin Q' ., and exposed fuel surface area.

Qi ncident Area‘fire AHC

Q‘fire,:O = L (18)
g,work
t _ quel,remaining
durationposkflashover - = (19)
inre
Que,,, = FuelFlux « Area, * (%FuelBurned) * AH, (20)
: kI "1 k .
inre\,L - 3000k=g -‘Zl (? Aoi \/Hoi)Tg * Mechanical ventilation (21)
1=
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300 1200

quel,remaining = quelinnial - f inre,srrmdt - f inre,ZSmdt (22)
0 300
t2
Meonsumed = ﬁ i inre(t) dt (23)
Ct1

Oncethefire heat release rates for each post-flashover time stage are determined, they are compared
against what heat release rate can be supported by available oxygen, limited accordingly, and
summarily returned to the two coupled ordinary differential equations (described in ASETBX) that
solve for smoke depth and temperature.

FIRE SIMULATOR aso considers char-forming behavior. Charring is important to the post-
flashover burning rate because it inhibits fuel gasification by shielding unpyrolyzed fuel from radiative
sublimation. FIRE SIMULATOR correlates the amount of charring in post-flashover according to
heat of combustion (AH,) using eq (24). Wood and other fuels with low AH_ are assumed to char
more. Wood, with a heat of combustion about 17 MJ/(kg-K) will have a "'working' heat of gasificat-
ion (Lyon) Effectively double that of the post-flashover, user-specified heat of gasification (L on)-
This ssimulated charring reduces post-flashover heat release rates eq (18).

_35714k) . Ly
L work *
¢ kg AH

(24)

[

Post-Flashover fuel mass consumed (Myqimed):

The fud mass consumed within each of the three post-flashover time regimes is determined from eq
(23).

52-Caling jet |

Celling jat fiow

5.2.8 Sprinkler Activation and Fire
Suppression

Fresh air entrainment

The sprinkler/detector algorithm considers
the entrainment of warm, smokey air into Condition 1 : No hot layer entrainment
the plume (depicted as condition 2 in No entrainment unth
Figure 5.2.2). The net result of this

LA

(Z-ceil - Z-intf) > Ceiling jet thickness

entrainment is to accelerate the time to szcerse] Wl

detector activation. Theimplementation of

this warm-air entrainment algorithm does Z-celima

not begin until the hot layer thickness Zmﬂ

exceeds that of the ceiling jet. Before this 7

pOi nt, the temperature and veoci ty Condition 2 : Hot layer entrainment
predictions within the jet are identical to  Figure 5.2.2. Warm-air plume entrainment
those obtained from SPRINKLER/ interactionswith smoke layer interface elevation
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DETECTOR RESPONSE [Section 3.14, egs (3) - (6)]. The ceiling jet thickness is taken as
0.12(Zgiing - Zire) [24]. Prediction of ceiling jet velocities and temperatures in plumes entraining
warm-air keys upon relocating a pseudo-fire (Q,;) and a pseudo-fire height (z,. peud0) @t the base of
the smoke layer where warm air entrainment begins. This pseudo-fire height accounts for the virtual
origin location (described in Section 5.2.4) and any mass accumulation in the smoke layer during the
last time-step. The heat release rate of the pseudo-fire is conceptually equivaent to the energy flow
rate in the plume of the original fire where the plume intersects the bottom of the smoke layer. The
heat release rate of this pseudo-fire (Q', ) is then changed to Q' in account of temperature
differences between plume gases a smoke-layer interface level and plume gases at flame level. In eq
(29), the value Z. e 1S Used asthe value H in egs (1) - (6) of Section 3.14.

© % B Q 5
Qin B 9z,
01 ocpT). i (25)

32

L x2/3
(1+CQu) 1

Q2 = [—C . a] (26)
I CQi;tf lCT 1 215

Zintf,pseudo - L < % ’ . X | Zinif (27)
Quuaal@ - DB + 1) + {QrinCy]

. <ok 5
Qintf = Qintf,z(p CpT)warm airV gzintf,pseudo (28)

- Ziy, * 2 (29)

z intf,1

=27

ceil, pseudo ceil intf, pseudo

In summary, ceiling jet properties during warm-air entrainment are accomplished with the SPRI N-
KLER/DETECTOR RESPONSE dgorithm, but with the warm-air properties replacing the normal-
ly cool air [eq (28)]. This replacement occurs through a transformation process outlined in Figure
5.2.3.

One other consideration accounts for sprinklers located in positions where jet velocities are not
normal. Examples of this circumstance are sidewall sprinklers and sprinklers behind deep beams. In
circumstances such as these the celling jet vel ocities can be somewhat reduced. The user may specify
what percentage of the nomind celling jet velocity isto be used at the sprinkler location. The default
value is 50 percent.
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Sprinkler Suppressed Heat Release Rate:

The smulated suppression of the fire heat ca 2ED0
release rate due to water spray-sprinkler
action was empirically developed from
experimental data [6]. The correlation eq
(30) considers a series of sprinkler sup-
pression tests and fits a mathematical curve
such that the predicted suppression rate is
dower than the dowest measured suppression
rate. The predicted suppression rate is aso
conservative in that some of the experimental
fires were shielded from the water spray
either by the structure of the crib or by a  Figure5.2.3. Conceptual procedure for

desk. Thetime constant (W') representing the ~ Warm-air plume entrainment

water-spray density rate is user adjustable.

Suggested values for W' range from 130 sec--a water-spray density of 0.07 mmv/s (0.1 gpm/ft?)--to
435 sec--corresponding to awater-spray density of 0.13 mm/s (0.2 gpm/ft?) [8].

Pseudo fire

Dimensionalize

Nondimensionalize

.
P (Qup)Actual fire

: ) = O t ~(t - Lactiva on)
inre( ) B inre( activation) QP[W] (30)

5.2.9 Smoke Detector Activation

Simulation of smoke detector activation follows procedures identified for SPRIN-
KLER/DETECTOR RESPONSE, except that the smoke detector has an infinitely small response
thermal index (resulting in an instantaneous response time). The user can not adjust the jet velocity
to account for smoke detector location as was possible with heat detectors, but the user can adjust
the activation temperature. The smoke detector activates when the ceiling jet temperature at the
radid location of the smoke detector attains the activation temperature. An activation temperature
of 13 °C (23 °F) above theinitia detector temperature (21 °C) isthe default value [17].

5.2.10 Heat L ossesfrom the Smoketo the Compartment Barriers
Pre-flashover:

The heat loss from the gas layer to the surfaces of the compartment is calculated after the smulta-
neous solution of smoke layer thickness and temperature [egs (2) and (3)] of the ASETBX ROOM
MODEL]. The process of calculating the heat losses to the room surfaces begins with determining
an average wall temperature eq (31). This temperature represents heat contributions from
conduction, convection and radiation components. After T, is obtained, an overall heat transfer
coefficient, h,, is calculated. The description on how this heat transfer coefficient is calculated is
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found in UPPER LAYER TEMPERATURE (Section 3.16). The surface temperature and overall
heat transfer coefficient are then combined with smoke temperature to solve for the total heat loss
passing into the wall surfaces from the smoke gases eq (32). Heat loss through the ceiling is
calculated in the same manner as the heat 1oss through the walls.
(h, + 4eaT3)(T - T)
+
hk+hc+4eoT3

T =T

surface o

(31)

QWal Is,

convection

= hkA\NaIIs(T - Tsurface) (32

Post-flashover :

The heat loss calculations post-flashover follow the same process as executed in pre-flashover
burning, but with the following changes:

Smoke emissivity is taken as unity

Hesat loss from the smoke layer gasesis not assumed to occur into those portions of the walls
and celling that are burning, and the area of these surfaces that are burning is subtracted from
the user-defined total-exposed-fuel surface area.

It was discovered [1] that pre-flashover heat |osses through the floor were minor relative to the
overd| heat losses through the upper compartment surfaces. Therefore, convective heat 1osses per
eg (32) are not calculated for the floor. Radiation heat losses to the floor are calculated though. In
the radiation calculation, the emissivity (e€) is linearly adjusted with temperature in a manner
analogous to the LFL adjustment. This adjustment assumes increasing soot-volume fraction with
increasing temperature.

Areaof the vent opening (n?)

wal Area of surface denoted by subscript, excluding vent areas (n?)
Constant related to plume flow (.913) [18]
Constant related to plume flow (9.115) [Zukoski 18]
Heat capacity of gas or fluid denoted by subscript (kJ/kg/AK)
Effective or equivalent fire diameter (m)
Earth's surface acceleration constant (9.81 m/s?)
Convective hesat flow coefficient (20 Kw/ny)
Overall heat transfer coefficient for surfaces limited by conduction (Kw/m#AK)
Height of vent opening--zg;, - Zg, (M)

. Heat of combustion based on CO,  and O, . as products (kJkg)

> >

DIFTSTQ UL O

IO

L, Effective heat of gasification (kJ/kg)

L g work Working heat of gasification (kJ/kg) (a concept used to account for charring)
LFL+ Lower flammability limit at flashover temperature

Meirained Mass of gas entrained into the plume (kg/s)
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*
Q*intf,l
Q intf,2

Q.
qurface
t

tactivation

Mass of "i' molecules (kg)

Fuel pyrolysisrate (kg/s)

Fuel pyrolysisflux rate (kg/s/m?)

Mass flow rate of hot gas out of the room (kg/s)

Fraction of ventilation opening filled with smoke measured up from the sill
Fire heat release rate (kW)

Energy available from the fuel after complete combustion (kJ)
Incident energy on the fuel (kW/mg)

Nondimensional actud fire heat release rate (Froude number)Y?
Nondimensional fire heat release rate at the smoke interface
Fraction of fire heat release rate convected into the plume (kW)
Heat lost from the control volume to the room surfaces (except floor) (kW)
Time (seconds)

Time when the sprinkler/detector activates (sec)

Temperature of the control volume (smoke) gases (°C or °F)
Ambient air temperature at smulation start (21 °C)

Flashover temperature (600 °C)

T-T.(°C)

Water spray density constant (0.07 mm/s)

Vent width (m)

Elevation in the fire plume measured from the floor (m)

Fire virtua origin (m)

Smoke layer emissivity

Temperature ratio (T,,m g T.)

Density of gas or fluid denoted by subscript (kg/m®)
Stephan-Boltzmann constant (5.676-10° W/(m2K*)
Molar fraction of species 'i' to species j'

5.3 Program Notes

Pre-flashover burning rate is user specified; FIRE SIMUL ATOR can reduce this burning rate due
to oxygen starvation but it can not enhance the burning rate due to enclosure effects or radiation
feedback.

Radiation feedback, the process where high temperature smoke emits radiative energy sufficient to

enhance fuel burning rates, is not considered in pre-flashover burning.

Post-flashover enhancement of CO generation rates are estimated, but a generally accepted post-
flashover CO generation model is neither fully modeled nor fully understood at the time of
publication.
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A reasonable vaue for the Response Time Index (RTI) of a quick-response (QR) sprinkler is 50
(m9)¥2

The plume model does not consider the fire to be a distributed source (the fire is assumed to be a
point source). This simplification produces the greatest error when entrainment heights are short.
Thiserror is somewhat compensated for with the virtual origin concept (discussed in Section 5.2.5).

Even if doors to a room are closed, very few rooms are "hermetically sealed." Providing some
ventilation opening in each room to simulate the inevitable voids and cracks present in actual
construction is good practice.

Roomswith very tdl ceilings (r <= 0.2*z,) can nullify the axisymmetric plume assumption because
rising smoke can contact the room walls.

Buoyant gas transport time from the fire to the bottom of the layer is not model ed.

Caution should be used when evauating fires in rooms larger than room sizes existing in verified
databases. Caution should also be used in rooms having geometrical aspect ratios or shapes markedly
different from room shapes in the experimentaly verified databases. The smoke-filling model
CORRIDOR becomes more appropriate for use than the FIRE SIMULATOR model when the
aspect ratio of the floor area deviates from a “square’ geometry to that resembling a corridor. Itis
with the informed judgement of the modeler to determine at what point this transition occurs. The
leve of detail needed--aswdll as the physics of the problem--should influence the decision as to what
model is used.

The ambient conditions are fixed at standard pressure (101, 325 Pa), ambient gas concentrations
(21% O,, 79% N,) and room temperature (21 °C).

One may account for the reduced pyrolysis rate of charring fuels in post-flashover by increasing the
working heat of gasification. Thisis accomplished by setting the heat of combustion close to the
value for wood (~ 17 kJ/g).

Itis assumed that the fuels have aAH, ,, ~ 13.1 MJKkg oxygen, although this is not the case for CO,
ethene (H,C=CH,) and acetylene (HC=CH), among select other fuels. The exception for these three
fuelsis probably due to the multiple aliphatic carbon-bonding. Representative values for the AH, o,
may be found in Drysdale [5] or fire safety handbooks (see Section 1.4).

Predicted smoke flow rates may be inaccurate when the fire occurs on an extreme upper or lower
floor of a multi-story building due to stack effect.

A.isavariable representing heat 1osses from the hot gas layer. These heat |osses include convective

(eq 32) and radiative losses to the walls and celling, as well as radiative losses to the floor. The heat
losses associated with A, are separate and distinct from the radiative heat losses from the fire ().
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Both A, and A, are normdized, or divided by, the convective fraction of the fire heat release rate. A,
is always less than or equal to one. A, can be greater than one as in the case of alarge fire that
peaked and is decaying in strength. If in this case the walls are hotter than the smoke temperature
then the walls can return hest to the smoke layer in a quantity greater than the actual fire heat release
rate.

Ac max liMits heat loss to the walls. This is used because the heat loss algorithm of eq (32) is
correlational and can overestimate wall losses at early timesin the fire. Eq (32) is also inappropriate
for barriers with high thermal conductivity or low thermal thickness (e.g. glass or metal).

The flame height estimates apply to standard ambient conditions, buoyancy-driven and low-
momentum fires. The estimates are valid for Q%,/D° < 1-10* (Qisin kW and D isin m).

The HVAC input parameter “ventilation rate’ describes the volume of gases removed from the upper
layer of the compartment per hour. The units of volume are measured in rooms; the American
customary units for this parameter are therefore “air-changes-per hour." No density compensation
between heated and ambient temperature is necessary because the ventilated gases are assumed to
be ambient (21 °C) temperature when they arrive at the fan. The air ventilated from the upper layer
of the room is considered to be replaced by an equa mass of air into the lower layer. This
replacement air is considered to contain “normal’ concentrations of ambient oxygen. The “combustion
efficiency’ parameter considers how much of the 21% oxygen comprising the replacement air is
available for supporting combustion.

The output parameter "Vision' refers to the distance through a smoke layer that a person can see
approximately 5% of the light emitted from the source.

5.4 Program Interface

The simultaneous keystroke “Control-Q" will exit a user from any point in the program expecting an
alphanumeric input.

FIRE SIMULATOR isbroken into 5 sub-menu items. These menu items allow the user to:

Create/Revise a case
Run an Existing case
Lining Material

Hazard Warning
Trandate to New Format

The Create/Revise a case allows the user to either start a new input file from “scratch’, or to Revise
an Existing Case. It is much quicker to revise an existing case. This is accomplished by either
“clicking' on or typing in an exigting input file name. Run an Existing Case simply allows the user to
execute an existing input file. Lining Material allows the user to change or add to the existing
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thermophysical database for wadl/celling materials. Hazard Warning allows the user to define atime
(after one of three events) for stopping the program simulation. These three events are: smoke
detector activation, sprinkler activation, and a user-specified time. Trandlate to New Format converts
input old files (*.IN) into the new format.

INPUT

Create/Revise a Case Revising a case is recommended.

5.4.1 Pre-Flashover

Run title Text message identifying the smulation

Room dimensions

Length (mor ft)
Width (mor ft)
Flag indicating rectangular room

Floor area, room perimeter (mor ft)
Room ceiling height (mor ft)

Room Lining Materials
Ceiling materiads.
Number of celling materials defined A composite "sandwich' containing <= 5 layers

Thermal inertia kpc, or the thermal thickness (kW2s/(m*K?2))
Thermal conductivity of the material (kW/(m-K))
Density of the material (kg/m?)
Heat capacity of the material (kJ/(kg-K))
Thickness of the material (mm or in.)
% A iing COMposed of this material
Wall materials.
Number of wall materials defined A composite “sandwich' containing <=5 layers
Thermal inertia kpc, or the thermal thickness (kW2s/(m*K?2))
Thermal conductivity of the material (kW/(m-K))
Density of the material (kg/m?)
Heat capacity of the material (kJ/(kg-K))
Thickness of the material (mm or in.)

% A iing COMposed of this material

Sprinkler response (Y/N)
Radia distance Fire's central axisto sprinkler position (m or ft)
RTI Response Time Index of the link (m/s)* or (ft/s)*
Rating Design activation temperature (°C or °F)
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Sidewall
Jet velocity flow reduction
Sprinkler fire suppression
W

rho, sprinkler water

Smoke detector response
Radial distance
Smoke temperature at detection
Sidewall
Jet velocity flow reduction

Fire Characteristics
Heat of combustion
Height at base of flames
Extinction coefficient
Flashover temperature
Minimum O, required for burning
Minimum O, required for post-flashover
Firefile
pre-existing firefile (*.FIR)
spontaneoudly generate fire file
Time1 inre
Fire file name
Text describing firefile
Freeburn CO/CO2 ratio
Vitiated CO/CO2 ratio
Radiant fraction
Pre-flashover A .

Vent (INSIDE or Ventl)
Flag indicating the presence of avent
Height
Width
Sill height

Vent (OUTSIDE or Vent2)
Flag indicating the presence of avent
Height
Width

(Y/N)

As a % of unconfined jet velocity

(Y/N)

Water discharge rate (mm/s or gallon/(min-ft?))

(Y/N)

(mor ft)

(°Cor°F)

(Y/N)

As a % of unconfined jet velocity

(kJkg or BTU/Ib,) [4]

Lowest elevation fuel freely entrainsair (m or ft)
(m?/g or ft?/lb,)

(°Cor°F)

Pre-flashover LFL 4, (VOlUmMe %)
Post-flashover LFL g, e, (VOlumMe %)

Choose existing fire file from specified directory

Up to 1,500 entries (ESCAPE to finish) (s, kW)
(*.FIR) DOS file name, extension is automatic

Text string describing the fire

Molar ratio in fuel-limited burning

Molar ratio in vent-limited burning

Radiative fraction of fire heat release A,

Maximum ratio of the instantaneous wall heat |osses to
fire generated heat release rate

Smoke moves from room of origin into the building
Y orN

(mor ft)

(mor ft)

(mor ft)

Smoke moves from room to building exterior
Y orN

(mor ft)

(mor ft)
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Sill height

HVAC
Combustion efficiency
Ventilation rate

5.4.2 Post-Flashover

Opportunity to Revise: Inside Opening
Height of top of opening
Width
Sill height

Opportunity to Revise: Outside Opening
Height of top of opening
Width
Sill height

Opportunity to Revise: Combst. chemstry.

Heat of gasification
Heat of combustion

Fuel Quantity Data
Fud load
% of fuel burnable
Tota horizontal exposed fuel
Total vertical exposed fuel
Horizontal surface area> 6 mm
Vertical surface area> 6 mm
Horizontal surface area> 25 mm
Vertica surface area> 25 mm

Revise duration of the run

Filenames
Datafile name

(m or ft)

(Y/N)
% of "normal’ replacement air available as oxidizer
Number of room air changes per hour

(m or ft)
(mor ft)
(mor ft)

(mor ft)
(mor ft)
(mor ft)

Energy needed to pyrolyze fuel (kJ/g)
Effective heat of combustion (kJg)

Fuel mass per floor area of room (kg/m? or b, /ft?)
Also the % of fuel that has burned

Based upon floor area (%)

Based upon wall area (%)

Based upon floor area (%)

Based upon wall area (%)

Based upon floor area (%)

Based upon wall area (%)

(sec)

Valid DOS input-file name having extension .DAT
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Output file name Valid DOS file name for the spreadsheet file

Halt flags

At specified time (9

After sprinkler activation ()

After smoke detector activation ()
OUTPUT
Temperature Characteristic of average smoke temp. (°C or °F)
Layer Height of smoke layer bottom above floor (m or ft)
02 Average for the smoke layer (molar or volume %)
CO Average for the smoke layer (molar or volume %)
CO2 Average for the smoke layer (molar or volume %)
L. fraC Minimum of {A¢, A mad
L. fraCyeaed A., See program notes Section 5.3.
RHR Fire heat release rate (kW)
Mass loss Fuel pyrolysisrate (kg/s)
F ht. Mean flame height above base of flames (m or ft)
Entrain Fire HRR supportable by plume entrained O, (kW)
Ent. mass Mass of lower layer air entrained to the plume (kg)
02 req. LFL for sustaining combustion per eq (7)
Vent Enthalpy mass flow of VENT1 and VENT2( kW)
Ventl Enthalpy mass flow of inside vent (kW)
Vent2 Enthalpy mass flow of outside vent (kW)
Hvacvent Enthal py mass flow of mechanical ventilation (kW)
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oD

Vision
Smkflowl
Smkflow2
Rm. lining
Vent. limit
Det. jet. F.
Det. jet. V.
As. jet. F.
As. jet. F.

As. link F.

5.5 References

Visibility through the smoke [4] (m™)

Distance 5% of emitted light is visible (m or ft)
Smoke flow of inside opening (m®/s or ft¥/s)

Smoke flow of outside opening (m?/s or ft3/s)
Room barrier surface per eq (31) (°C or °F)

Heat release rate limitation (see Section 3.17) (kW)
Ceiling jet temp. at smoke detector (°C or °F)
Ceiling jet velocity at smoke detector (m/s or ft/s)
Ceiling jet temperature at heat detector (°C or °F)
Ceiling jet velocity at heat detector (m/s or ft/s)

Heat detector link temperature (°C or °F)
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6 CORRIDOR

6.1 Application

This procedure can be used to estimate the characteristics of a smoke wave as it propagates along
the ceiling of a corridor away from a steady-state smoke source. The estimated smoke characteristics
are velocity, position, temperature, thickness, and gas concentrations. The term “corridor' is used
to describe the procedure, but the terms hallway, aisle, concourse and other descriptions of a space
apply equally as well provided the space contains a propagating smoke wave.

6.2 Theory

This  routine  employs

conservation of mass to an

expanding gas control Corridor cross section
volume within a corridor.
The control volume receives
entraining smoke. The
smoke expands horizontally
from buoyant forces
(Figure 6.0.1). The control
volume begins a the
opening to the corridor and
ends a the front of the
smoke wave. The control
volume contains only the
mass of the smoke and en- |
trai ned air [eq (1)] The Maximum distance
wave front velocity is calcu-
lated by a correlational
expresson [eq (6)] ab-
stracted from experimental tests [2]. This equation is a significant simplification of the transient
smoke-wave problem [6,7], but it justifiably serves as a first-order engineering approximation of the
phenomenon [1].

4 /LU

Entrained air

Corridor height

Opening height Smoke level in opening

NN N NN NN N NN NN\

A

Opening Sill height

EAnnnnne =4

——
Distance interval

Figure 6.0.1. CORRIDOR geometry in cross-section

rhwave = r’nroom + r’hentrainment (1)

1 5
, _ 1 3 3 2
mentrajned =171 nentrainmenthOOm z ( )

Given that the velocity of the wavefront is obtained with eq (6), the position of the wavefront at the
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next time step is determined from the classical displacement eq (5). The entrained air is calculated
from an approximate method [eq (2)]; no detailed experiments on door jets yet provide a verifiable
correlation for this phenomenon.

. T,
mroom = Vroom? P.. (3)
Q‘room = rﬁroomcp(-r -T.) (4)

The wave front velocity decreases with time not due to modeling of viscous effects, but to modeling
energy losses. Energy loss from the smoke to the walls is modeled with an effective heat transfer
coefficient, hy;. The effective heat transfer coefficient (eq 9) considers convective and radiative
losses. This convection coefficient (eq 9) defaults to a value suggested by the original authors[2],
and avaue that also produces a best fit to experimental data [5]. The radiative coefficient (N, xion)
results from alinearization of the fourth-power temperature dependency [eq (10)]. A correction was
added to e (-4T.), in order to eliminate non-physical behavior at ambient smoke temperatures.
The smoke temperature used in determining the radiative coefficient is a spatialy averaged value
obtained through integration along the length of the wave [eq (11)].

t+At

X(t+A1) = x(t) + ft vat ©)
Vian®) = V[ exp(-3Kx(1) 8] ©
B - —~ep(-6K) (7
I

Only after the wave position is determined can the smoke temperature used in the radiative heat [oss
caculation be used. The smoke temperature as afunction of position, x, along the wave is calculated
by using a smple exponential decay relationship [eq (12)].

heffective = hconvective + hradiative (9)

hegiaie=€0(T° + T2T, + TT? - 3T2) (10)

radiative
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T(x)dx (12)

TX) = T, + (T - T.)exp3K» (12)

The depth of the corridor wave (8) is obtained by applying amass and energy balance to the entrained
smoke[eq (2)]. A correction factor, (), serves to weakly thicken the smoke-wave depth at higher
temperatures and early stages in the progression. This correction was included per the original
authors suggestion [2].

I tT
6 — rnwave (13)
Too P.. E Wcorridor
1, L T. _
= X + —In(== + (1 - —=)exp(3K0) 14
4 3K (T ( T) ptr) (14)

(o Heat capacity of the wave gases (kJ/(kg-K)

Nestective Effective, overall heat transfer coefficient (kW/(m?K))

Norvective Convective heat transfer coefficient (kW/(m?K))

N sictive Radiative heat transfer coefficient (kW/(m?>K))

K Ratio of heat lossto heat gain; eq (8) m*

In Natural logarithm transformation

Meirained Clean-air mass flow rate entrained into the door-spill plume (kg/s)
M oom Smoke mass-flow rate from the fire-room into the corridor (kg/s)
Myae Mass-flow rate of entrained air and smoke (kg/s)

Qroom Enthal py Of erOm (kW)

t Time in the smulation (sec)

T Temperature of smoke-wave front as it leaves the fire-room (K)
T, Temperature of the ambient, corridor air (K)

V room Smoke volume-flow rate out of the room (m?/s)

Viront Velocity of the smoke wave (m/s)

v, Velocity of the smoke wave leaving the fire-room (m/s)

\Y Average velocity between timesteps, t and t+5t (m/s)

X, Position of the front of the smoke-wave at timet (m)

Xt Position of the smoke-wave front at time t+At (m)

W, Width of the corridor (m)

corridor
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o) Depth of the corridor wave (m)

€ Smoke wave length adjustment factor (m)
Nentrainment I nfluences entrainment amount per eq (2)
P.. Ambient air density (kg/m°)

6.3 Program Notes
Conditions of the smoke entering the “corridor' are steady-state.

Increasing mass of cool air entraining into the smoke plume reduces the buoyancy of the developing
smoke wave. If thisbehavior continues, apoint is eventually reached where propagation is no longer
an accurate description of the smoke movement phenomena (and a more appropriate description of
the smoke filling would be described with the traditiona 2-zone-filling model). CORRIDOR notifies
the user when this transition should be considered.

The entrainment factor, n, defaults to 1.0. This value corresponds to smoke entrainment from a
cylindrica shape plume. For wide soffits where the spill plume into the corridor space more closely
resembles line-fire entrainment, higher values of 1 should be used. Thisisan areain need of further
research.

Convective heat transfer from the hot gas to the compartment surfaces is a user-specified constant.
For rough surfaces and high smoke-source velocities the heat transfer coefficient may be increased
from the default value of 20 W/(m?K).

The corridor is not intended to have any large obstructions, vestibules or branching corridors opening
ontoit. The procedureisonly useful to the point where the smoke reaches a branch in the corridor,
aturn in the corridor, the end of a corridor, or where the smoke expands to touch the floor. No
“return wave' or filling is smulated.

The procedure is sengtive to the smoke ve ocity at the source to the corridor; the “Smoke level in the
opening' is a user-specified parameter strongly influencing this velocity when flashover created
volume flows issue from standard size door openings [0.81m (32 in.)].

Ambient conditions are fixed. Air isthe assumed entrained fluid; gases with different thermodynamic
properties will not behave smilarly.

Initial conditions (T, My,. SMoke concentrations) for this routine may be obtained from FIRE
SIMULATOR or most other zone-compartment fire models.

Depth isthe least precisely predicted parameter of the procedure [5].

The procedure has been tested against 3 sets of experimental data that included large- and medium-
sized fires in 15 m (50 ft.) corridors and tunnels hundreds-of-meters long with good results.
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Comparisons are graphed [5] and original data are available [2,3,8].
The mathematics considers only one-dimensional smoke movement. Although this routine may be

used to estimate smoke flow in a gpace with any sized floor area, the application was correlated from
and verified on floor aspect ratios common to corridors and tunnel spaces.

6.4 Program Interface

If the user wishes to "backup' in the data entry process, this reversa may be accomplished by
simultaneously pressing the "Control' and "Q' keys at any point where the program expects non-
filename, keyboard inpui.

If the user wishes to terminate the Smulation during execution this may be accomplished by pressing
the "F3 key.

INPUT

Spreadsheet file name Any valid DOS filename

Convective heat coefficient Recommended range: 10 - 30 W/(m?K)

Smoke level in opening Neutral plane elevation in the exit leading to the corridor (m or ft)
Smoke temperature Characteristic smoke temperature entering the corridor (°C or °F)
Smoke flow Smoke temperature (m%/s or ft3/min)

CO Carbon monoxide concentration (parts per million)

CO2 Carbon dioxide concentration (% by volume)

02 oxygen concentration (% by volume)

Entrainment factor Parameter Neyranmen 1N € (2)

Smoke emissivity Black-body representation factor

Smokeflow in 1 dirct. or 2 1 directionif at end of hall; 2 directions if in middle of hall

Opening height (mor ft)
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Opening width
Opening sll height
Corridor height
Corridor width
Maximum distance
Distance interval

Timeinterva

OUTPUT

Time

Position of smoke front
Velocity of smoke front

Smoke depth

Smoke temperature @ intvl

6.5 References

(mor ft)

(mor ft)

(m or ft)

(m or ft)

Calculations cease when the wave is beyond this distance (m or ft)
Distance interval that calculations are modeled at (m or ft)

Interval for screen and/or file output ()

Simulation time (sec)

(m or ft)

(m/sor ft/s)

Average vaue over the length of wave, not a point value (m or ft)

Refersto the distance interval (°C or °F)
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7 3rd ROOM

7.1 Application

This procedure estimates the time to human untenability from heat and inhalation exposure in a space
experiencing smoke infiltration from a steady-state source.

7.2 Theory

The untenability/lethality estimates of human response to smoke and heat are correlated from
laboratory-animal response to smoke and heat. Smoke conditionsin the target room are predicted
using door-ventilation techniques similar to those described in CCFM [2].

7.2.1 Vent Flows

The door ventilation techniques used in 3rd ROOM differ from the techniques developed in CCFM
in that the former iterates on the conservation of mass while the latter iterates on the conservation
of mass and energy. Smoke conditions within 3rd ROOM are predicted by applying conservation
of massto steady-State sourceterms. There is one leakage area connecting the 3rd room (or “target
room’) to an "adjacent space.’ Thisleakage area does not change size during the simulation (one can
not open or close adoor); conditions on the “fire' side of the leakage area are assumed constant; the
smoke leagkage rate is assumed constant. Mass conservation is achieved by iterating on the difference
between the target

room  floor-level _

pressuire and the Exposing Space

adjacent space
pressure a same
elevation. The
pressure at the floor
of thetarget roomis
assumed to be
identical to the
pressure  out-of-
doors a this same
elevation.

Target Room

Z-Soffit

The user isgiven an
opportunity to Z-Floor
explore the effects Z-Floor
ambient  pressure

exartsonfludtlow by Reference Height
manipulating  the

Z-Sill

Figure 7.0.1. 3rd ROOM input parameter geometries.
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reference elevation. The reference elevation is, from the procedure's point of view, the datum or
“zero' height (Figure 7.0.1). It dso is the elevation where the program assumes the reference-
pressure measurement was taken. The importance of correctly fixing the reference pressure and
reference elevation resides in vent flow predictions. The reference pressure together with the
procedure's "guess of the trans-room pressure difference at floor level are used to calculate static
pressure profiles across the vents (Figure 7.0.2). The cross-vent pressures (AP, ,) are then used in
the Bernoulli derived orifice eq (1) for vent flow predictions.

AP

5 1-2
m = pVAIeakage = pC TAleakage (1)

In eq (1), the cross-vent
pressures (AP,  are Ty > Tna,
determined from  static
pressure gradients within the

Exposing Space

elevation of an arbitrary dab \// 7

of flowing fluid. (There are / s

6 flow dabsin Figure 7.0.2, /,7 ! f
each dab contains fluid that g8
is well mixed and moving in = 3%
the same direction). The / it
pressure difference (AP,,) is Ty > T, I tuge oo I §

represented by the horizontal
distance between the solid-
and dashed-pressure-profile -
lines on theri ght-ha‘] d side of 777777777 Increasing absolute pressure
Figure 7.0.2. The subscripts
1-2' represent sSides1and 2
of the ventilation area (€.9.  Figure 7.0.2. Delineation of vent-flow slabs and cross-vent

"1’ can be the exposing space  pressure profiles

and "2' can be the target

room space). Ineq (1), the density of the fluid flow dab is p, and C is afitting constant normally
taken between 0.65 and 1.0.

7
/

AN\ \ \ \

A\ \ \

The vent flow predictions are described in great detail by Cooper, Forney [2]; therefore they are
presented here briefly. The vent flows can be percelved as moving in dabs having uniform
temperature. The dabsare divided by either a change in temperature (a layer interface), a changein
pressure (aneutral plane), or the physical limits of the vent (sl and soffit). The maximum possible
number of dabsin avent isillustrated in Figure 7.0.2. Once the dabs are identified, the flow desti-
nation is determined. Flow from the dlab may be deposited totally in the upper layer, totally in the
lower layer, or the flow can split depositing into both layers according to the temperature of the dab
[3]. The dab massis deposited without entrainment; after all dabs are deposited, a variable audits
for mass conservation and verifies that closure occurs. If closure does not occur within the specified
tolerance (1-:107°) anew cross-vent pressure is guessed and the iteration process repeats. Iterations
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are converged using the bisection method; the virtue of this slower process being reliability. After
convergence of mass conservation, gas species concentrations are determined.

Energy conservation is addressed after mass flow is conserved and species are deposited. The
temperature of the smoke is determined after ceiling and wall heat transfer are calculated. The
method of heat transfer isamost identical to that of FIRE SIMULATOR. First, a surface tempera-
tureis estimated from considerations of radiative, convective and conductive losses to the walls and
celling, respectively. Next heet isremoved from the smoke--based upon Newton's heat |oss formula--
using an overal heat transfer coefficient [Section 3.16 -- eq (7)]. No heat transfer to the floor is
considered.

7.2.2 Viability Analysis

After the room smoke conditions are determined, the influence of this smoke on the viability of a
theoretically exposed human is addressed. Heat |oading considerations are first, then gas loading.
Heat Loading:

There are two primary pathways towards human incapacitation from heat, long-term exposure (heat
stroke) and shorter-term trauma (burns). The separation between these regimes occurs at about 120
°C (250 °F) [9]. 3rd ROOM does not consder long-term, heat-stroke degradation, but burn trauma
is considered from both convective and radiative contributions.

The heat loading calculations predict skin burn trauma. Nonetheless, skin burns are a significant
insult and their formation notes the
onset of gignificant fire-created
hazard. Heat loading is calculated

- Convective Heat Transfer as f(T smoke)
not through a temperature criterion,

50
but  rather, through  heat . . L ﬁﬁoﬂ——f_%
accumulation. The rate of hest | - = 2 ahrenhe!
absorption is integrated over the £ A
exposure time to yield the net heat € )4
accumulation; this quantity is 3 /
compared to an empirical threshold ¢ ™ 7/
vaue for burn formation [4]. When g% N
the integrated quantity is greater g 1° 7/
than the emplrlcal quantlty, burns = 10 / \| h=mmax(0,50-48.5exp((T,smoke-T, skin) /ta)
are predicted. 5

G200 300 400 500 600 700 800 900 1000 1100
The method is verified in the sense Temperature Smoke (K)

that the empirical equation is corre-

lated to experimental results. How-  Figure 7.0.3. Convective heat transfer exponential
ever, the method does not apply to  dependence upon temperature

temperatures below 120 °C for
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reasons described above, nor does the method have experimental verification at fluxes over 75
kW/mz2. The 75 kW/m? flux represents extreme conditions that can be tolerated only for short
durations even with a full ensemble of firefighting turnout equipment.

When calculating the heat loading onto an individual in direct contact with the smoke layer, both
convection and radiation are consdered. The radiative component assumes a unit emissivity and unit
configuration factor. The convection component assumes an exponentialy varying heat transfer
coefficient from 0 to 50 W/(m?K) over the temperature range 20 °C to 750 °C (70 °F to 1380 °F)
(Figure 7.0.3). These values agree with previously reported natural convection heat transfer coeffi-
cients[5,7]. Thevauefor t in Figure 7.0.3is200 °C™. Skin temperature is taken as 318 K (45 °C);
thisis the threshold temperature for skin burns.

For calculations of heat |oading onto an individual located in the lower layer--only radiative heating
is considered. The emissivity of the hot layer is assumed to vary linearly with temperature. The
emissvity istakenasaminimaof 0.4 at 20 °C (70 °F) and amaximum of 1.0 at 873 °C (1600 °F).
The radiation configuration factor for emission from the smoke layer to the individual assumes the
layer to emit as aflat plate onto an element located on the floor at the middle of the room [eq (2)].

Fip = i"‘(( = ) *tan™*( L2 )+ ( L2 ) * tan™1( L1

T /D2+L12 YD2+L12 yD2+L22 JD2+122

) )

Inhalation Gas Loading:

The second type of degradation estimated to affect human viability isinhaation gas loading. Toxic
gas caculations are independent of any heet loading calculations. The need for inhalation gas hazard
analysis is warranted since 65 percent of fire incapacitations in the United States are estimated to
occur from inhalation of toxic concentrations of gas [6,9,11]. Roughly 30% of fire deaths are
attributable to burn trauma [6,11].

Inhaation gas loading cal culations begin with the gas species concentrations determined from the vent
flow routines. Similar to the heat |oading cdculations, the inhalation cal culations consider each layer
separately. Inhalation caculations proceed toward estimates of tenability (unconsciousness) and le-
thality. The following discusson now focuses on the calculational procedure for the upper layer, but
the arguments apply with equal relevance to the lower layer.

Three gases are considered: CO, O, and CO,. Of these, CO is the most influentid. At CO
concentrations above 1300 ppm the mode begins degrading human viability; thisvalue is consistent
with results obtained when hydrogen cyanide (HCN) is aso in the smoke. The presence of HCN is
considered because of the "wood-plastic' fuel mixture that FIRE SIMULATOR assumes and
because it represents conservative fire-hazard analysis. The following items--among others--will
generate hydrogen cyanide in measurable quantities. wool, cotton, linen, acrylics and polyurethane.
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Theinfluence of CO, is to potentiate the effects of CO. Direct degradation of human viability from
CO, is not simulated because of the high concentrations of CO, required to produce lethality.
Lethdity from CO, in norma atmospheres does not typically occur until CO, concentrations exceed
roughly 40 % by volume; incapacitation, however, is possible from lower CO, exposure levels [10].
A two minute exposure to 10% CO, can induce incapacitation [8]. Inhalation of CO, at levels up to
5% by volume increases a person's respiratory rate and this in turn increases CO respiration. The
chemical toxicity model reproduces this effect by accounting for the presence of CO, in
concentrations up to 5% by volume. Above 5% CO, by volume, no increased effects are ssimulated.
Mathematically, these effects are represented in egs (3) - (5).

(Cot+At + Cot) At
FED_(t) = : 3
colt) 2 DCO ®)
_ 80,000+ (1-1-107°)CO, -
DCO = CO- A if CO, < 50,000 ppm (4)
CO - 1300
pco - £O-40.00 if CO, > 50,000 ppm 5
CO-1300

It is the absence, not presence, of oxygen, that results in oxygen toxicity (hypoxia). The model begins
smulaing hypoxiaa O, concentrations dightly below 6% by volume [4]. O, is the average value of
O, between successive time-steps, t and t + At.

@) + O —
FEDoz(t) _ ((5.8—[ 2,t+At2 2,t])*At) 9=12 if 02 <58 (6)

In summary, the inhadation module considers the influences created by the presence, or lack, of three
gases (with the presence of afourth gas (HCN) assumed, but not tracked). The simulated effects of
gas loading are normalized against a lethal exposure-dose. This lethal exposure-dose was
extrapolated from experimental rodent data. The extrapolation was obtained by first correlation
human response at low exposure-doses to rodent response at low exposure-doses. Then, human
response a letha exposure-doses was extrapolated from exposure-doses lethal to rodents. The final
equation for inhalation gas loading appears in eq (7) and was obtained from the HAZARD | gas-
toxicity model [4]. When FED; ¢xg . >= 0.5, unconsciousness is predicted; when FED; gag 1a >=
1.0, lethality is predicted. Theindividual termsin eq (7) are obtained per egs (3) and (6).

FED - FED + FED,, , + FED,, ™

3Gas, t + At 3Gas, t
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A eakage Areaof avent opening (m?)

C Orifice coefficient (0.65-1.0)

CO Mole percent CO (also volume % in ideal gases)

CO, Mole percent CO, (also volume % in ideal gases)

D Vertical distance from the smoke layer to the floor (m)

F, Configuration factor from the smoke to a centroidal floor-level point
FED Fractional Effective Dose

L1 Room length measured in a direction perpendicular to L2 (m)
L2 Room width measured in adirection perpendicular to L1 (m)
m Air mass flow rate (kg/s)

tan™ Arctangent transformation

o, Mole percent oxygen (also volume % in ideal gases)

P, Pressure change across a vent (Pa)

t time (sec)

A Discrete change in avariable

o Material density (kg/m®)

\J Materia velocity (m/s)

7.3 Program Notes

The vent area accommodating smoke leakage may be either small voids around a door or a
completely open vent. The representation of this vent area, to the 3rd ROOM procedure, is one of
constant horizontal cross-section.

The target room is assumed to have a constant horizontal cross-section.

The smoke conditions entering the "3rd ROOM ' are constant in time.

The initial exposing space conditions may be obtained from CORRIDOR.

The mass-flow dab entering the room splits according to rules based upon flow stream temperatures

[3].

Hot, vitiated plumes spilling into the room will not ignite.
Ventilation through horizontal openings is not simulated.

No entrainment into the spill-plume of the target room is modeled.

The most appropriate reference height is the height of the target room floor set to a value of zero.
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Smoke flow is assumed nonviscous, modeling smoke flow at reference pressures that are orders of
magnitude greater than standard atmospheric is not valid.

Heat loss from the smoke to the room surfaces assumes heat transfer through the barriersis limited
by conduction; heat transfer through metal barriersis therefore not well characterized.

Untenability can result from hypoxia at concentrations of O, as high as 13 percent. Extended
exposure to concentrations of O, below 10 percent can result in brain damage [6,12].

The tenability and lethality inhalation gas estimates assume that exposure to a layer is continuous; the
cdculations do not consider an individual who alternates their exposures between upper and lower

layers.

Theinhdation gas modd was developed from data taken primarily from rats, not human exposures.

Human respiratory rate effects CO
toxicity. Given identical CO expo-
sures, the same individual when jog-
ging uphill becomes unconscious be-
fore he/she will when walking on
level ground (Figure 7.0.4). 3rd
ROOM toxicity analysis does not
consider human respiratory rate.

No mechanica ventilation is mod-
ded.

The heat loading calculations have
significant uncertainties because of
unknowns that the presence of
clothing introduces, because of the
variability inindividual constitutions
regarding heat loading and because
of the lack of experimental data.

Effect of Activity on CO Toxicity

Furser, D.A.
S.F.P.E. Handbook, 1st. Ed.

2.5

alking Fast or Up Stairs

] '/ /Walking Slow‘
S
0.5 —

R y\

1.514

CO (Volume %)

lllll H
...... "-———..-——._.__ L

0 5 10 15 20 25 30 35 40
time (seconds)

Figure 7.0.4. Effect of human activity on time to
incapacitation via CO toxicity

Most clothing will delay the onset of skin blister formation.

Gas concentrations in the exposing space are calculated based upon an assumed exposing space
volume of 1-10* m®. As the volume of the target room increases to an order-of-magnitude
comparable with the exposing space volume, feedback will develop wherein the assumed constant
concentrations in the exposing space will be affected by changing concentrations in the target room.
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7.4 Program Interface

The user may quickly exit their data entry process by simultaneoudy pressing the “Control' and "Q'
keys. This procedure works at any point where non-filename al phanumeric input from the keyboard

is expected by the program.

INPUT

7.4.1 Reference Parameters

Reference height

Reference pressure

Reference T

Simulation duration

Time step

Height where Reference pressure measurement was taken (m or ft)
Out-of-doors pressure measured at Reference height (Pa or psi)
The temperature at the target room floor (°C or °F)

Duration of the smulation (sec)

Interval that the ssmulation marches forward in time with (sec)

7.4.2 Target Room Parameters

Floor height
Celling height
Room length
Room width

Smoke layer height

Upper layer T
Lower layer T

Barrier materias properties

A
k

surface

CP

o)
Lower layer O2
Upper layer O2
Lower layer CO2
Upper layer CO2
Lower layer CO

Upper layer CO

(mor ft)

(mor ft)

(mor ft)

(mor ft)

(mor ft)

(°Cor °F)

(°Cor °F)

User may choose from a pre-existing list or define their own material
with k, p, ¢, and &

Material surface area, (m? or ft?)
Material thermal conductivity (kW/m/K)
Material density (kg/m®)

Material heat capacity (kJkg/K)
Material thickness (m of ft)

(mol or volume %)

(mol or volume %)

(mol or volume %)

(mol or volume %)

(ppm)

(ppm)
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7.4.3 Exposing Space Parameters

Floor height
Celling height
Smoke layer height
Upper layer T
Lower layer T
Lower layer O2
Upper layer O2
Lower layer CO2
Upper layer CO2
Lower layer CO
Upper layer CO

Floor height above reference height (m or ft)
Height of ceiling above exposing space floor (m or ft)

Height of bottom of smoke layer bottom above floor (m or ft)

(°Cor °F)

(°Cor °F)

(mol or volume %)
(mol or volume %)
(mol or volume %)
(mol or volume %)
(ppm)

(ppm)

7.4.4 Leakage Area Parameters

Top of leakage area
Bottom of leakage area
Leakage area

OUTPUT

Interface height
Temperature, up. layer
Temperature, low layer
Oxygen, up. layer

Oxygen, low layer

Carbon dioxide, up. layer
Carbon dioxide, low layer
Carbon monoxide, up. layer
Carbon monoxide, low layer
3-Gas FED, up. layer
3-GAS FED, lower layer
Heat FED, upper layer
Heat FED, lower layer

CO FED, upper layer

CO FED, lower layer

Height of the soffit above the target room floor (m or ft)
Height of the sill above the target room floor (m or ft)
(m? or ft?)

Elevation of the bottom of the smoke layer (m or ft)
Temperature in the target room (°C or °F)
Temperature in the target room (°C or °F)

(mol or volume %)

(mol or volume %)

(mol or volume %)

(mol or volume %)

(mol or volume %)

(mol or volume %)

Fractional effective dose based on 3 gas toxicol ogy
Fractional effective dose based on 3 gas toxicol ogy
Fractional effective dose based on heat loading
Fractional effective dose based on heat loading
Fractional effective dose based on CO gas toxicol ogy
Fractional effective dose based on CO gas toxicol ogy
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